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Synopsis 
The Fischer-Tropsch synthesis is regarded as a stepwise polymerisation reaction between 
adsorbed hydrogen, carbon monoxide and monomers formed from the reaction of hydrogen 
and carbon monoxide. The catalytically active metals for industrial application are cobalt and 
iron. The commercially used iron-based Fischer-Tropsch catalyst is supported on silica (Si), 
to improve the dispersion of the active metal and is promoted with small amounts of 
potassium to enhance the activity and selectivity of the catalyst and copper to enhance the 
reducibility of the iron oxide. However, the effect of copper on the iron catalyst on the 
product activity and selectivity remains elusive. A number of studies that have been 
conducted on the promotional effect of copper on iron-based Fischer-Tropsch catalysts have 
mainly been focused on fully promoted iron-based FT catalyst (Fe/Cu/K/Si), thus making it 
difficult to exclusively study the effect of the overall promotional effect of copper on the FT 
performance of iron-based catalysts. Additionally, minimal work has been conducted on the 
promotional effect of metals (i.e. silver) in the same group in the periodic table as copper. A 
previous study further showed that silver had no effect on the FT performance of the iron 
catalysts. These results were ascribed to the lack of intimate contact between the promoter 
and the catalytically active phase.   
 
 In this study, copper and silver ferrites which are model iron catalysts composed of Cu or Ag 
as promoters (CuFe2O4, CuFeO2 and AgFeO2) will be prepared via the co-precipitation 
method. The model catalysts will then be activated in H2 and CO reaction environment and 
exposured to Fischer-Tropsch conditions in an attempt to understand the influence of the 
copper (Cu) as well as silver (Ag) on the iron catalyst. The results are compared to 
maghemite (γ-Fe2O3) and hematite (α-Fe2O3). The presence of group 11 metals in the crystal 
structure facilitates the reduction of trivalent iron into magnetite during catalyst activation in 
either hydrogen or carbon monoxide and the consecutive conversion of Fe3O4 to α-Fe under 
H2-activation implying the ability of these metals to spillover hydrogen to Fe3O4. The 
conversion of Fe3O4 to predominantly χ-Fe5C2 under CO-treatment is not facilitated by the 
presence of the promoter element. The amount of carbide in the catalyst under Fischer–
Tropsch conditions is dependent on the presence of the promoter (Cu and Ag) in close 
proximity to the iron phases. An increase in the FT activity is observed for the promoted iron 
catalysts, and this is primarily attributed to the increased carbide surface area within the 
catalyst. Carbon dioxide (CO2) in the Fischer-Tropsch synthesis is formed either in the 
viii 
 
oxygen removal from the catalytic surface or in the carburization of particularly 
superparamagnetic Fe3O4. It is further shown that the olefin selectivity in the Fischer-Tropsch 
synthesis over the catalyst AgFeO2 (ex) is higher than that obtained over the catalyst CuFe2O4 
(ex) and CuFeO2 (ex), which can be ascribed to a lower hydrogenation activity of silver in 
comparison to copper ((ex) is in reference to the model catalyst after Fischer-Tropsch 
synthesis). Furthermore, copper seems to facilitate secondary olefin hydrogenation. 
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Chapter 1 
 
Introduction 
This chapter is aimed at providing the reader with a reasonable background on the Fischer-
Tropsch synthesis as well as the studies that have been reported on the group 1b promoted iron-
based Fischer-Tropsch catalyst, in the process showing the relevance of the current study. 
 
 In the 1920s Frans Fischer and Hans Tropsch proposed a ‘synthol process’ which produced 
under high pressure (>100 bar) mainly oxygen containing products. At a lower pressure (~ 7 
bars) the product consisted of mainly olefinic and paraffinic hydrocarbons. This process became 
known as the Fischer-Tropsch synthesis (FTS). The Fischer-Tropsch synthesis consists of a 
network of catalytic surface polymerisation reactions between adsorbed hydrogen and carbon 
monoxide to produce a non-selective product distribution [1,2,3,4]. The products that are formed 
during the Fischer-Tropsch synthesis include olefins, n-paraffins and the main by-product water. 
Other reported products include carboxylic acids, aldehydes, primary alcohols, branched 
hydrocarbons and aromatic compounds. A number of transition metals such as ruthenium (Ru), 
nickel (Ni), cobalt (Co) and iron (Fe) have shown significant activity for the Fischer-Tropsch 
synthesis [5]. However, due to cost, availability, level of activity as well as selectivity 
differences on Ru and Ni catalysts, only cobalt and iron are used industrially [6,7,8].  
 
The industrially used iron catalyst for the low temperature Fischer-Tropsch synthesis (i.e., the 
ARGE catalyst) is usually promoted by a number of promoters such as potassium (K), silica 
(SiO2) and copper (Cu) [4]. The effect of the K and SiO2 has been well established in the open 
literature. Potassium acts as a chemical promoter by enhancing the FT activity and selectivity of 
the catalyst during the Fischer-Tropsch synthesis, and the structural promoter (SiO2, Al2O3) acts 
as a binder to minimize chemical attrition and also assists in dispersing the catalytically active 
material. Additionally, it has been recently shown that silica may act as a chemical promoter 
[9,10].  
 
The role of copper has been reported to assist in the reduction of the iron oxide when activated in 
H2. This occurs via the facile reduction of CuO to metallic copper. Hydrogen dissociated on 
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metallic copper may spill-over to the iron oxide phase facilitating its reduction. The addition of 
copper to the iron catalyst has been associated with an increase in the activity for the Fischer-
Tropsch synthesis as well as affecting the product selectivity [11,12]. However, the reason as to 
how the presence of copper in the iron catalyst affects the FT performance remains elusive.  
Iglesia et al. [13] stated that intimate contact between group 1b metals (copper or silver) and the 
iron phase was required for any promotional effect to occur.  Further research conducted by Jin 
et al. [14] and Lee et al. [15] reached similar conclusions.  
 
In this study we attempt to investigate the promotional effect of group 1b metals (Cu, Ag) on 
iron-based FT catalysts using ferrites as model catalysts (CuFe2O4, CuFeO2 and AgFeO2). The 
use of these ferrites eliminates the issues associated with the lack of intimate contact between 
metals, since the metals are initially in intimate contact in the ferrite system. Furthermore, the 
use of ferrites as model catalysts allows the evaluation of the promoter effect without the 
complicating effect of other promoters such as potassium (chemical promoter) and silica or 
alumina (structural promoter). 
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Chapter 2 
 
Literature Review 
This chapter is aimed at providing the reader with reasonable background on the Fischer-
Tropsch synthesis process as well as the iron-based Fischer-Tropsch catalysts, mainly focusing 
on the copper- or silver- promoted iron-based catalysts. 
 
2.1.  Fischer-Tropsch synthesis (FTS) 
Fischer-Tropsch synthesis is the catalytic hydrogenation of carbon monoxide yielding higher 
molecular weight organic product compounds. Carbon monoxide hydrogenation over nickel and 
cobalt catalysts was first reported in 1902 by Sabatier and Senderens [1]. This captured the 
interest of many catalysis researchers and provided a platform for rigorous and intense research 
into this reaction. However, it was not until 1923 that the true significance of the carbon 
monoxide hydrogenation reaction was realized by two German scientists, Franz Fischer and 
Hans Tropsch, while working at the Kaiser Wilhelm Institute for Coal Research at Mülheim ad 
Ruhr, Germany [2]. This was the beginning of what is known today as the Fischer-Tropsch 
synthesis. In 1955, SASOL in South Africa began using the Fischer-Tropsch synthesis (FTS) to 
produce fuel and chemicals from coal, since it had large coal reserves and coal could be obtained 
cheaply. At present, the limited crude oil reserves, resulting in sky-scraping oil prices, increasing 
environmental constraints as well as the awareness that less expensive transportation fuels can 
be obtained from coal, natural gas or biomass has substantially increase interest in Fischer-
Tropsch synthesis [3,4]. The development of new large industrial FT plants in Qatar (SASOL 
and Shell) and Nigeria (Chevron), in addition to the existing plants in South Africa (SASOL and 
PetroSA) and Malaysia (Shell), as well as, the proposed plants in China, Australia and Indonesia, 
confirm this interest. 
 
2.2.  Fischer-Tropsch reaction 
The Fischer-Tropsch synthesis is the hydrogenation of carbon monoxide to produce clean 
transportation fuels and chemicals [5,6]. The surface chemistry can be conceptualized by 
equation 2.1.  
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 CO + 2H2         (-CH2-) + H2O                      (2.1) 
                              with ∆Hrxn (240 °C) = –158 kJ/mol 
 
The Fischer-Tropsch synthesis yields a broad spectrum of products. These include the main 
products, which are linear α-olefins and paraffins, as well as water as a by-product. Other 
products that are formed include branched compounds and oxygenates such as alcohols, acids, 
aldehydes and ketones. The Fischer-Tropsch synthesis product spectrum is strongly influenced 
by the reaction conditions (i.e., temperature, pressure, and the inlet H2/CO-ratio) and the type of 
catalysts used. It is typically divided into two operating modes, the low temperature  (LTFT) and 
the high temperature Fischer-Tropsch (HTFT) (although nowadays SYNFUEL China seems to 
have coined the medium temperature Fischer-Tropsch synthesis). The low temperature Fischer-
Tropsch (220–250 °C) process is used for the production of long chain hydrocarbons in the 
boiling range of diesel to hard waxes [7] while high temperature Fischer-Tropsch (320–350 °C) 
process produces lighter products including associated petroleum gas (APG), petrol and 
chemicals [8]. Several metals, such as nickel, ruthenium, rhodium, cobalt and iron have been 
reported as active catalysts for FTS [9,10,11]; however, only iron and cobalt are used 
commercially. Depending on the catalysts used further side reactions may accompany the 
Fischer-Tropsch synthesis namely the water-gas shift (WGS) and the Boudouard reaction [9].  
 
2.3.  Formation of carbon dioxide (CO2) 
Carbon dioxide formation is typically observed over iron-based catalysts. This is typically 
ascribed to the water gas shift (WGS) activity of the catalyst, which would then involve the 
reaction of water (by-product of the FTS) with carbon monoxide yielding hydrogen (H2) and 
carbon dioxide (CO2), as shown in equation 2.2. 
 
CO + H2O  H2 + CO2                                        (2.2) 
                                with ∆Hrxn (240 °C) = –39.7 kJ/mol 
 
A further side reaction is the Boudouard reaction (shown in equation 2.3). This reaction involves 
the disproportionation of carbon monoxide (CO) to carbon and carbon dioxide as products.  
 
2CO C + CO2 
                                                                      
(2.3) 
                              with ∆Hrxn (270 °C) = –172.9 kJ/mol 
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2.4.  Fischer-Tropsch product distribution 
The Fischer-Tropsch synthesis is a polymerization reaction [12], which occurs through a step-
wise growth process. At each stage of growth, the hydrocarbon surface species may either 
desorb to form the primary Fischer-Tropsch products, or continue in a chain growth as shown in 
Figure 2.1 [13]. The probability of chain growth continuing is described by α, which is also 
known as the chain growth probability. 
 
Figure 2.1:  Fischer-Tropsch step-wise growth process with a surface species (Spi), products 
(Pri) (g: growth, d: desorption) 
 
The chain growth probability (α) can also be defined in terms of the rate of chain propagation 
(rg) and the sum of the chain propagation and termination (rd) as shown below. 
  
  
(      )
                              
The product distribution can then be predicted if the chain growth probability, α, is independent 
of carbon number. The rate of formation of a product Pr
n
 with n carbon atoms is given by: 
 
          
    (   )       
 
Here, rf,1 is the rate at which the species with 1 carbon atom is formed. All product compounds 
are formed via the formation of Sp1 (see Fig. 2.1). At steady state the total molar rate of 
formation of all products must be equal to the rate at which the species with 1 carbon atom is 
formed. 
    
∑     
   
   
     
    (   ) 
 
From a commercial view point the mass or weight fraction of a certain product is of more 
interest. The relative weight fraction of the product with n carbon atoms is given by: 
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which can also be linked to the Anderson-Schulz-Flory distribution: 
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Plotting the logarithm of the relative weight fraction (log(Wn/n)) as a function of carbon number 
should thus yield a straight line, if the chain growth probability is independent of carbon 
number. The chain growth probability (α) can be determined from the slope of the straight line. 
Furthermore, the maximum selectivity of the different product classes that can be formed can be 
estimated by plotting the selectivity in mass or weight percent as a function of the chain growth 
probability α. The change in the product weight fraction as the chain growth probability 
increases is shown in Figure 2.2. An increase in the chain growth probability results in increase 
in the average the molecular weight of the product. Theoretically, only methane can be produced 
with 100 % selectivity (when the chain growth probability, α, equals zero). The only other 
product produced with high selectivity is heavy paraffin wax. The gasoline product fraction has 
a maximum selectivity of 48 %. The maximum diesel product fraction selectivity is closer to 40 
% and varies depending on the range of carbon numbers in the product cut.  
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Figure 2.2:  Theoretical product distribution as a function of the chain growth probability 
assuming ideal ASF kinetics [14] 
 
The product distribution and composition of the products are dependent on the reaction 
variables, such as, temperature, pressure and H2 to CO ratio [15]. Table 2.1 shows the effect of 
these variables on product selectivity. Methane selectivity increases with increasing temperature 
and increasing hydrogen to carbon monoxide ratio.  
 
Table 2.1:  Effect of process conditions on Fischer-Tropsch synthesis product selectivity 
(adapted from [15]) 
 Temperature Pressure H2: CO 
Methane selectivity + - + 
Olefin selectivity ~ ~ - 
Oxygenate selectivity - + - 
Chain growth - + - 
Chain branching + - ~ 
Carbon deposition + ~ - 
              +    increase with increasing parameter 
                          -    decrease with increasing parameter 
            ~    no clear effect 
 
The formation of long chain linear products is favoured at low temperature where chain growth 
probabilities exceeding 0.9 can be achieved. Increasing the total pressure generally leads to 
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higher chain growth probabilities. The H2 to CO ratio has a pronounced effect on the average 
chain length and the composition of the products. A high H2 to CO ratio leads to the formation 
of lighter products which can be explained by enhanced product desorption with respect to chain 
growth in the kinetic Fischer-Tropsch mechanism. At hydrogen rich conditions, low olefin and 
oxygenates contents are found, which to an extent is due to increased secondary conversion of 
these valuable products facilitated by hydrogen.  
 
The formation of various Fischer-Tropsch products has been proposed to form via a number of 
different mechanisms. 
2.5. Proposed mechanisms in Fischer-Tropsch synthesis 
The Fischer-Tropsch products are thought to form via a surface polymerisation reaction which is 
characterized by a series of key steps, these steps include [16,17,18]; 
o Reactant adsorption onto the surface of the catalyst 
o Generation of a chain starter 
o Chain growth (propagation step) 
o Product desorption from the catalyst surface (termination step) 
o Re-adsorption of reactive products and further reaction 
 
Numerous pathways have been suggested for the Fischer-Tropsch synthesis mechanisms, 
however, ‘alkyl’, ‘alkenyl’, ‘enol’ and ‘CO-insertion’ mechanisms [13,19] are the most 
accepted. 
 
2.5.1.  Alkyl mechanism 
The alkyl mechanism (schematically presented in scheme 2.1) was developed from the so-called 
“carbide”-mechanism, which was the first proposed FT reaction mechanism [20,21]. The chain 
initiation involves the dissociative CO-chemisorption to form carbon and oxygen atoms on the 
metal surface. The surface oxygen reacts either with adsorbed hydrogen to form water or with 
adsorbed carbon monoxide to form carbon dioxide. In a sequential reaction the surface carbon 
(“carbide”) is hydrogenated to CH, CH2 and CH3 hydrocarbon species. The CH2 and CH3 
species are considered the monomer and the chain initiator, respectively. Chain growth then 
takes place via incorporation of the monomer into surface alkyl species. The primary termination 
step includes either H-elimination to form an olefin or H-addition to form paraffin. Formation of 
oxygenates cannot be explained by the alkyl-mechanism, although, there has been a suggested 
                                                                                                                                           Chapter 2 
 
11 
 
involvement of surface hydroxyl groups in their generation [22], via the coupling of a surface 
hydroxyl group with an alkyl group.  
 
 
Scheme 2.1:  Schematic representation of the alkyl mechanism 
 
However, experimental evidence for the participation of surface hydroxyl groups in the 
formation of oxygenates is still lacking. Furthermore, the formation of branched hydrocarbons 
could not be explained by the alkyl mechanism shown in Scheme 2.1. Lee and Anderson [23] 
proposed a mechanism based on the experimentally proven re-adsorption and subsequent 
secondary reaction of primarily formed α-olefins [24], as shown in Scheme 2.2. This mechanism 
was also experimentally confirmed by Schulz et al. [25]. The other reaction involved the 
combination of an alkylidene surface species with the methyl species as shown in Scheme 2.2.  
 
 
Scheme 2.2:  Schematic representation of the formation of branched hydrocarbons 
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2.5.2.  Alkenyl Mechanism 
The alkenyl mechanism which is based on organometallic model system studies was proposed 
by Maitlis et al. [26,27,28], the schematic presentation in shown in Scheme 2.3. The first step 
involves the generation of a surface CHx species, this step is the same as in the alkyl mechanism 
(Scheme 2.1).  
 
 
Scheme 2.3:  Schematic representation of the alkenyl mechanism 
 
The surface CHx species, viz. methylidene (CH) and methylene (CH2) species, reacts in a first C-
C carbon bond formation to form the chain initiator, a vinyl surface species (CH=CH2). Chain 
propagation involves the addition of a methylene species to a surface vinyl species yielding a 
surface allyl species, followed by isomerisation to a surface alkenyl species. The termination 
step involves the addition of hydrogen which leads to desorption of the product as α-olefin.  
 
2.5.3.   Enol Mechanism 
The enol mechanism was proposed by Storch et al. [29]. The chain initiator is an enol species 
(M=CHOH). It is generated through the surface H-addition to chemisorbed carbon monoxide on 
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the metal surface as shown in Scheme 2.4. Through the condensation reactions of two 
neighbouring enol species, chain growth is initiated. Termination of those species can then yield 
oxygenates or olefins. The formation of n-paraffins is described as a secondary reaction by 
hydrogenation of primarily formed α-olefins. The primary formation of n-paraffins would 
require an alternative reaction pathway. 
 
 
Scheme 2.4:  Schematic representation of the enol mechanism 
 
2.5.4.   CO-insertion mechanism 
The CO-insertion mechanism is often believed to be the main reaction pathway leading to the 
formation of oxygenates in Fischer-Tropsch synthesis [30,31,32]. It was originally formulated by 
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Sternberg and Wender [33] and Roginski [34] and further refined by Pichler and Schulz [35]. In 
this mechanism chemisorbed carbon monoxide is considered the monomer. Reaction of the 
monomer with activated hydrogen leads to the formation of the chain initiator, viz. a surface 
alkyl species.  
 
 
Scheme 2.5:  Schematic representation of the CO-insertion mechanism 
 
Chain growth takes place via CO-insertion in a methyl-alkyl bond leading to a surface acyl 
species. The C-O bond cleavage generates the longer chain surface alkyl species. Desorption of 
these species can either lead to the formation of α-olefins or n-paraffins, as already proposed in 
the alkyl-mechanism, or to the formation of aldehydes and alcohols from oxygen containing 
surface species as shown in Scheme 2.5. 
 
2.6.   Fischer-Tropsch synthesis catalysts 
Group VIII metals; iron, cobalt, nickel and ruthenium have been shown to be active for the 
Fischer-Tropsch synthesis [36)], however, the low availability and high cost of ruthenium 
eliminates its viable for large-scale Fischer-Tropsch synthesis application, nickel catalyst are 
                                                                                                                                           Chapter 2 
 
15 
 
reported to produce high methane yields due to its hydrogenating ability; in addition, at low 
temperatures, high pressure volatile nickel carbonyls are formed and the catalytically active 
material is lost from the reactor [37]. This leaves cobalt and iron catalysts as economically 
feasible on an industrial scale [38]. Table 2.2 show the approximate relative prices of the active 
metals for the Fischer-Tropsch synthesis. Iron is the cheapest material, while ruthenium is the 
most expensive metal. 
Table 2.2:  Approximate relative price of metals for Fischer-Tropsch synthesis [8,38,39] 
Metal Price 
Fe 1 
Co 1000 
Ni 250 
Ru 48000 
 
Iron and cobalt are industrially used as Fischer-Tropsch catalysts. These two catalyst types differ 
amongst others in the purchase cost, in the manner in which oxygen present in CO is removed 
and temperature sensitivity of (in particular) methane formation. With cobalt-based catalysts, 
oxygen is mainly removed as water. However, with iron-based catalysts oxygen is removed as 
water and carbon dioxide. Hence, the feed gas for cobalt-based catalysts must have an inlet H2 to 
CO ratio of approximately 2.0-2.3, since cobalt catalysts show little to no activity towards the 
water-gas-shift reaction [10,40,41]. A significant fraction of the oxygen removal over iron-based 
catalysts proceeds via CO2-formation (typically assigned to the water-gas shift activity), thus 
allowing the use of feedstock with a lower inlet H2 to CO ratiofeed gas i.e., 0.5-1.3, which is 
typically produced from coal [42].  
 
The methane selectivity increases with increasing reaction temperature [43]. However, the 
increase over iron-based catalysts is rather modest over a temperature range spanning 100
o
C. 
Hence, iron catalysts can be used in both the low temperature and high temperature Fischer-
Tropsch synthesis. The methane selectivity increases strongly with increasing reaction 
temperature over cobalt-based catalysts, thus restricting the use of cobalt-based catalysts to the 
low temperature Fischer-Tropsch synthesis. The flexibility with respect to temperature together 
with some of the other advantages mentioned above makes the iron catalyst the preferred 
catalyst for the present study. 
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2.7.  Iron-based Fischer-Tropsch catalysts 
Iron-based Fischer-Tropsch catalysts are one of the oldest industrially used FT catalysts. The 
iron FT catalysts may be un-promoted (e.g., Fe2O3) or promoted (e.g., Arge catalyst). In a 
promoted iron–based catalyst, one or more promoters may be present, such as, potassium (K), 
silica (Si) and copper (Cu). Addition of these promoters assists the iron catalyst in achieving 
high Fischer-Tropsch synthesis performance (i.e., activity, selectivity and stability). In an 
attempt to understand the behaviour of the iron catalyst during the Fischer-Tropsch synthesis, it 
is vital to first understand the role of the individual promoters (i.e., K, Si, Cu) on the iron-based 
Fischer-Tropsch catalysts. A number of researchers have shown that promoters can be classified 
into different categories such as chemical, structural and reduction, depending on the overall 
performance of the promoter on the iron-based catalyst during Fischer-Tropsch synthesis. 
 
2.7.1.  Chemical promoters (e.g., potassium, K) have been reported to provide effective 
change in catalyst activity and product selectivity [44,45], by promoting CO 
chemisorption and facilitating CO dissociation while inhibiting H2 chemisorption 
[46,47,48].  
 
2.7.2.  Structural promoters such as SiO2, Al2O3 and TiO2 [49], are added to iron-based FT 
catalysts to enhance the mechanical stability of the catalyst (and in particular with respect 
to chemical attrition). They may also serve to reduce sintering, thereby enhancing the 
performance (i.e., stability) of the iron-based catalysts during Fischer-Tropsch synthesis 
[50,51,52]. Silica has also been reported to act as a chemical promoter [49].  
 
2.7.3.  Reduction promoters are reported to affect the reducibility of the iron-based catalysts 
by increasing the rate of reduction of Fe2O3 to α-Fe (in H2 atmosphere) [53]. Copper is 
commonly used as a reduction promoter for the iron-based FT catalysts. It is added to the 
iron oxide catalyst to increase the rate of Fe2O3 reduction to α-Fe. This occurs via a 
process known as the hydrogen spillover, involving the hydrogen dissociation on metallic 
copper and migration to the iron phase. This may thus provide a source of atomic 
hydrogen to assist in the reduction of the iron oxide to metallic iron in a hydrogen 
atmosphere or iron carbide in a carbon monoxide containing atmosphere 
[40,53,54,55,56].  
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2. 8.  Iron oxide phases 
Iron in the iron-based Fischer-Tropsch catalyst may be present as a number of different oxide 
phases prior, during and post Fischer-Tropsch synthesis; these include hematite, maghemite, 
magnetite and wüstite. The structure of iron oxides is dominated by the arrangement of oxygen 
or hydroxide anions. The cations occupy different positions relative to these layers of anions. 
Table 2.3 shows the crystallographic information and chemical properties of the iron oxides that 
are reported to be important in the Fischer-Tropsch synthesis. The selected iron oxides consist of 
close packed arrays of anions (O
2-
 or OH
-
) (hexagonal (hcp) or face centered cubic (fcc) close 
packing) in which the iron cations, in either the trivalent or the divalent state, occupy the 
octahedral and sometimes tetrahedral spaces. The main structural differences between the 
different oxides arise from the way the octahedral and tetrahedral building units are organised.  
Table 2.3:  Crystallographic and chemical property information on the listed iron oxides 
 Chemical 
Composition 
Crystallographic 
system 
Space 
group 
Density  
(g.cm
-3
) 
Type of magnetism 
Hematite α-Fe2O3 Hexagonal R3c 5.26 Weakly 
Ferromagnetic or 
anti-ferromagnetic 
Maghemite γ-Fe2O3 Cubic Fd3m 4.87 Ferrimagnetic  
Magnetite Fe3O4 Cubic P4332 5.18 Ferrimagnetic 
Wüstite FeO Cubic Fm3m 5.90 Anti-ferrimagnetic 
 
Hematite and maghemite: are formed from iron hydroxide precursors. Hematite (α-Fe2O3) is a 
mineral form of iron(III) oxide. It crystallizes in the rhombohedral system and it is usually 
brownish red to red in colour. The crystal structure of hematite is shown in Figure 2.3. 
Maghemite (γ-Fe2O3) is a hematite and magnetite related oxide mineral and it is blue with a gray 
shade in colour. Maghemite has the same structure as magnetite (i.e., spinel ferrite). Maghemite 
can be considered as an Fe(II)-deficient magnetite with formula (Fe8
III
)A[Fe40/3
III□8/3]BO32, where 
□ represents a vacancy, A indicates tetrahedral positioning and B octahedral. Depending on the 
preparation conditions only hematite or maghemite may be produced or may co-exist. Hematite 
is the thermodynamically more stable phase conditions for bulk material [58]. However, the 
surface energy contribution modifies the relative phase stability significantly [58,59,60,61]  and 
maghemite becomes the more stable phase for nano-sized crystallites [58,59], which transforms 
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into hematite upon sintering. The transformation of maghemite to hematite has to obey the 
thermodynamic constraint that the Gibbs free energy of the system is at a minimum. Hence, the 
critical diameter for maghemite (dmaghemite,c) beyond which the transformation to hematite is 
thermodynamically allowed, is given by: 
 
 
 
 
Here, µ is the chemical potential (in J/mol; with µ
0
 the chemical potential at standard 
conditions), dmaghemite is the diameter of the maghemite crystallite (in m), γ is the surface energy 
(in J/m
2
), M is the molar mass of Fe2O3 (in g/mol), and ρ is the density of the respective phases 
(in mol/m
3
). It can be estimated using a non-size dependent surface energy that for non-hydrated 
surfaces this transition occurs for crystallites of ca. 16 nm at 300 K and 18.5 nm at 700 K. For 
hydrated surfaces, this transformation may occur for much smaller maghemite crystallites, but 
the accurate transition size requires the incorporation of size dependent surface energies.  
 
Figure 2.3:  Crystal structure of hematite (α-Fe2O3) 
( red atoms represent Fe
3+
 and white atoms represent oxygen) 
 
Magnetite: is formed during activation of Fe2O3 and may also be present during the Fischer-
Tropsch synthesis. Magnetite (Fe3O4) has a chemical formula of iron(II, III) oxide; which may 
μhematite  μmaghetite = 0 
μhematite
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also be written as FeO.Fe2O3, it is one part wüstite and the other part hematite. Magnetite is a 
member of the spinel ferrite group. It is black or brownish black in colour. The crystal structure 
of magnetite is shown in Figure 2.4.  
 
Figure 2.4:  Crystal structure of magnetite (Fe3O4) 
 (blue atoms: tetrahedrally coordinated Fe
2+
 ; red atoms; octahedrally coordinated, 50/50 Fe
2+
/Fe
3+
;  
 white atoms: oxygen) 
 
Wüstite: is the unstable iron(II) oxide phase against disproportion with Fe3O4 and α-Fe, at 
temperatures less than 570
o
C, although promoters may stabilize this phase [49]. It may be 
formed during catalyst activation or Fischer-Tropsch synthesis. Wüstite (FeO) is gray in 
colour. The crystal structure of wüstite is given in Figure 2.5.  
 
Figure 2.5:  Crystal structure of wüstite (FeO)   
 (brown atoms: Fe
2+
; red atoms: oxygens) 
 
 The various iron carbides (FexC) formed can be classified into stable TP-carbides (carbides with 
carbon atoms in trigonal prismatic interstices) and the less stable O-carbides (carbides with 
carbon atoms in octahedral interstices) [62,63,64], as given in Table 2.4. 
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Table 2.4: List of the different iron carbides 
 
 
 
FexC 
 Formula Structural name Crystal lattice 
Trigonal 
prismatic (TP) 
carbides 
Fe7C3 Eckström-Adcock Orthorhombic 
χ-Fe5C2 Hägg Monoclinic 
θ-Fe3C cementite Orthorhombic 
Hexagonal (O) 
carbides 
ε-Fe2C 
 
έ-Fe2.2C 
pseudo-hexagonal Hexagonal to 
monoclinic 
Hexagonal 
 
 
2.9. Factors affecting the performance of the iron-based FT catalyst 
Factors influencing the performance of iron-based FT catalysts include: catalyst preparation 
method, activation and Fischer-Tropsch synthesis conditions as well as addition of promoters to 
the iron catalysts.  
 
2.9.1.  Conventional catalyst preparation methods  
Commercially, the preparation of iron catalysts varies depending on the process temperatures at 
which the catalyst will be operated. Low temperature Fischer-Tropsch catalysts are prepared by 
precipitation or co-precipitation while catalysts used in high temperature Fischer-Tropsch 
synthesis are prepared by fusing magnetite together with promoters [65]. Catalysts preparation 
techniques can assist in gaining new insights and give way to new and improved catalyst 
development of existing syntheses.  
 
In the precipitation method, the catalyst precursor of the active metal is dissolved in a solvent 
such as water, and thereafter, precipitated on the support [66]. This precipitation step can be 
forced by changing the pH value of the solution. The pH adjustment can either be done in the 
presence of a support material or the support material can be formed via a simultaneous 
precipitation with the corresponding precursor or metal salt (co-precipitation). After drying and 
calcination, the oxidic catalyst precursors are obtained. The advantages of the precipitation 
method as compared to impregnation techniques are that;  
 
 the composition obtained in homogenous,  
 the crystallite size distribution is typically much narrower; and  
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 it is possible to prepare catalysts with a high metal loading on the support in one single 
preparation step [67,68,69]. 
 
2.9.2. Effect of activation conditions on iron-based FT catalysts 
The term “activation” refers to the transformation of an inert catalyst precursor into a 
composition and structure that causes the reaction between hydrogen and carbon monoxide to 
take place thereby producing hydrocarbons. The use of hydrogen (H2), carbon monoxide (CO) 
and synthesis gas (H2/CO) as activation gases has been well documented in the open literature 
[47,70,71,72,73]. The phase transformation of Fe2O3 during H2 activation is shown in Figure 2.6. 
The reduction of Fe2O3 occurs in a two-step reduction process via Fe3O4; the first reduction step 
corresponds to Fe2O3 → Fe3O4 and the second reduction step corresponds to Fe3O4 → α-Fe [74]. 
The activation of Fe2O3 in CO or H2/CO (see Figure 2.6) also proceeds in a two-step process, the 
reductive decomposition of the iron oxide and the carburization of the iron oxide (Fe3O4) to the 
iron carbide. The first step corresponds to the reduction of Fe2O3 → Fe3O4 and the second 
carburization step corresponds to Fe3O4→ FexC, resulting in a number of different iron carbides. 
The term carburization will therefore be used to describe the transformation of the iron oxide to 
the iron carbide phase. Hence, irrespective of the activation gas used Fe3O4 is always an 
intermediate step in the reduction process [73]. Moreover, depending on the extent of reduction 
FeO may also form as an intermediate step, altering the overall reduction to a three step process: 
Fe2O3 → Fe3O4 → FeO → α-Fe (during H2 activation) or FexC (during CO activation). The 
formation of various iron carbides is dependent on the activation condition employed  as well as 
the nature of the catalyst. For instance, the hexagonal carbide (ε-Fe2C) has been reported to form 
by carburizing of the iron oxide or iron powder at temperatures as low as 170 
o
C in a flow of CO 
[75]. By increasing the temperature to 250 
oC ε-Fe2C may transform into the Hägg carbide (χ-
Fe5C2), which at temperatures above 450 
oC may eventually decompose into cementite (θ-Fe3C). 
Cohn et al. [76], reported that θ-Fe3C could also be formed by the reaction of iron with χ-Fe5C2 
at temperatures above 260 
o
C.  
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Figure 2.6:  Phase(s) transformation of the iron-based Fischer-Tropsch catalyst during H2, CO 
or H2/CO activation.  
 
2.9.3.  Effect of the iron phase(s) (Fe3O4, FexC) on performance of the iron-based FT       
           catalyst 
The nature of the final phase(s) formed after the activation process plays a vital role in the 
Fischer-Tropsch synthesis performance [77]. The fact that under FT reaction conditions iron can 
exist as a mixture of magnetite, metallic iron or several iron carbides phases creates part of the 
confusion as to which phase is responsible for the Fischer-Tropsch synthesis performance. A 
number of researchers have attempted to understand the effect of different pretreatment as well 
as correlate the phase(s) with the FTS activity observed [77,78,79]: 
 
 Iron oxide (Fe3O4) as the active phase for the Fischer-Tropsch synthesis: 
Loaiza-Gil et al. [80] studied the formation of carbonaceous deposits in carbon monoxide 
hydrogenation on iron catalysts, focusing specifically on the effect of pressure. The 
catalysts were reduced in hydrogen. The results showed that increasing the pressure led 
to high carbon monoxide conversion (under steady state conditions). Furthermore, the 
bulk composition of the catalyst as determined by Mössbauer spectroscopy was Fe3O4, α-
+ H2
α-Fe
FexC+ CO or H2/CO
Fe2O3
Fe3O4
+ H2 or 
CO or 
H2/CO
FeO
+ H2 or 
CO or 
H2/CO
+ H2 or 
CO or 
H2/CO
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Fe and χ-Fe5C2. They concluded that Fe3O4 was the active phase for Fischer-Tropsch 
synthesis, as it appeared that a correlation between the phase composition and the FT 
activity existed. Teichner et al. [81,82] also proposed that Fe3O4 was the active phase for 
the Fischer-Tropsch synthesis.  
 
 Iron carbide as the active phase for the Fischer-Tropsch synthesis: 
Bukur et al. [83], investigated the effect of activation conditions on the iron catalysts 
performance during Fischer-Tropsch synthesis. A promoted iron catalyst 
(100Fe/5Cu/4.2K/25SiO2) was activated at 280
o
C, for various times (1-12 hrs) in H2 and 
CO gases, respectively. They reported that the H2 activated catalyst showed a gradual 
increase in FTS activity. The increase activity coincided with the conversion of metallic 
iron to pseudo-hexagonal έ-carbide. The initial activity obtained over the CO activated 
catalyst was higher than that of the H2 activated catalyst. Furthermore, the CO activated 
catalyst showed a decrease in FT activity with time on stream, due to the partial 
conversion of χ-Fe5C2 to less active magnetite, in agreement with the hypothesis that an 
iron carbide is the active phase for the Fischer-Tropsch synthesis [84,85,86]. In another 
study, Ding and co-workers [87] investigated the effect of reducing agents on 
microstructure and catalytic performance of precipitated iron-manganese catalyst for the 
Fischer-Tropsch synthesis. The iron catalyst was activated in H2, CO and H2/CO at 
265
o
C for 24 hrs. They reported that the CO activated catalyst showed the highest initial 
activity compared with the H2 and H2/CO activated catalysts. A slight deactivation of the 
CO activated catalyst was also observed. This was attributed to the conversion of χ-Fe5C2 
to Fe3O4. The activity of the H2 activated catalyst increased gradually with the 
conversion of metallic iron to χ-Fe5C2 and έ-carbide upon exposure to syngas. The 
relationship between iron phases and FTS activity indicated that the formation of χ-Fe5C2 
on the surface layers had a higher activity for the Fischer-Tropsch synthesis than έ-
carbide. The formed Fe3O4 had a negligible effect on the Fischer-Tropsch synthesis 
activity. Similar, results have been reported by Bell and Dictor [63], Datye et al. [88]. 
 
2.9.4. Effect of Fischer-Tropsch synthesis conditions 
Fischer-Tropsch synthesis conditions such as temperature, pressure, H2: CO ratios play a crucial 
role in the FT activity. It is of general knowledge that the Fischer-Tropsch synthesis can be 
operated in the temperature range of 150-300 
o
C. At high temperatures, the reaction is faster and 
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higher conversion rates may be obtained, but methane formation may also be favored [92]. For 
this reason, the temperature is usually maintained at the low to middle part of the range. 
Furthermore, product selectivity may be varied by varying the temperature, when using iron-
based FT catalysts. With higher temperature FT synthesis, the product selectivity is shifted 
towards shorter chain products, while in the low temperature FT synthesis longer chain products 
are produced. Increasing the pressure also leads to higher conversion as well as favoring the 
formation of long-chained product compounds. A variety of synthesis gas compositions (ranging 
from H2/CO = 2 to 2.3) can be used in the iron-based Fischer-Tropsch synthesis. Iron-based 
catalysts can tolerate low H2: CO ratios, since they promote the removal of oxygen as CO2 
(typically viewed as the ability of iron-based Fischer-Tropsch catalysts to catalyze the water gas 
shift reaction). This is important for synthesis gas derived from coal or biomass, which tend to 
have relatively low H2: CO ratios (<2). 
 
2.9.5.  Effect of copper on iron-based FT catalyst 
2.9.5.1. During different activation experiments 
Hexana et al. [93] studied the promotional effect of copper on iron-based catalysts during H2 
activation using Temperature-Programmed Reduction (TPR). They compared the un-promoted 
(100Fe) catalyst to the copper promoted catalysts (100Fe/1Cu and 100Fe/3Cu). They observed 
that copper lowered the temperature of the first reduction peak (shown in Figure 2.8; also shown 
by other researchers [94,95]) via the initial facile reduction of CuO to Cu. Metallic copper 
thereafter assists in hydrogen dissociation  thus providing a source of atomic hydrogen to assist 
in the reduction of the iron oxide to metallic iron. They concluded that copper acted as a 
reduction promoter. 
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Figure 2.7:  H2-TPR profile of the copper promoted iron catalysts [93] 
 
Hexana et al. [96] also studied the interaction of CO with the catalysts using DRIFTS in order to 
gain information about the strength of adsorption of CO on Fe, and the number and types of 
adsorbed CO molecules. CO adsorption performed on the un-promoted iron catalyst (100Fe) 
showed two peaks at 2033 and 2013 cm
-1
 (see Figure 2.8), indicative of CO linearly adsorbed on 
Fe
0
. The introduction of Cu to Fe produced a slight red shift of the peak at 2013 to ~2011 cm
-1
 
indicating a slight increase in the back-donation from the d-orbital of Fe.  
 
 
Figure 2.8:  CO adsorption spectra of the copper promoted iron catalysts [93]  
 
Jin and Datye [97] also investigated the effect of CO activation on the phase transformation in 
copper promoted iron catalysts using TPR. They reported that the presence of copper in the iron 
catalyst assisted the reduction of the iron oxide to metallic iron. The effect was however to a 
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lesser extent as compared to H2 activation. Furthermore, while a simultaneous reduction of CuO 
to Cu and Fe2O3 to Fe3O4 was observed during H2 activation, it was not the case during CO 
activation where the copper oxide seemed to reduce first followed by the iron phase. They 
concluded that intimate contact between copper and the iron oxide (during CO activation) was 
required to facilitate the reduction of Fe2O3 to Fe3O4.  
 
2.9.5.2.  Possible chemical promoter by reduction promoter 
Several researchers have also shown that copper may also influence the performance of the iron 
catalyst during Fischer-Tropsch synthesis, claiming that copper acts as a chemical promoter. In 
earlier studies, Kölbel and Ralek [98,99] investigated the promotional effect of copper on the FT 
activity. They reported that addition of 0.1 wt% of copper (relative to iron) resulted in successful 
activation of Fe/Cu/K catalysts with H2/CO. Moreover, H2/CO activation at elevated pressure 
(>0.80 MPa) required the iron catalysts be promoted with copper in order to achieve reasonable 
activity. O’Brien et al [100] conducted a study on the activity and selectivity of the un-promoted 
and copper-promoted precipitated iron Fischer-Tropsch catalysts. The results showed that 
promotion with copper lowered the reduction temperature during activation and increased the 
FTS activity, regardless of the activation gas used (see Figure 2.9). 
  
 
Figure 2.9: Syngas conversion for un-promoted (circle) and the copper-promoted (square) 
iron catalysts: Activation conditions: (a) H2, (b) CO and (c) H2: CO=0.7; 
Synthesis conditions: H2: CO=0.7, T=230 
o
C and P=1.31 MPa 
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Furthermore, the selectivity of the FTS product was not affected by the activation gas employed 
or copper promotion. Bukur et al. [101] investigated the effect of copper on the precipitated iron-
based catalyst using various promoted iron–based catalysts. The comparison of the un-promoted 
iron catalyst (100Fe) with the copper promoted iron catalyst (100Fe/3Cu) clearly showed an 
increase in the rate of Fischer-Tropsch synthesis for the copper promoted iron catalyst (see 
Figure 2.10). The increase in activity with copper addition was in agreement with the results 
observed by Kölbel and Ralek [98]. The copper promoted iron catalyst also showed a shift in the 
hydrocarbon distribution towards heavier products, which was accompanied by a slight 
enhancement in secondary reactions (olefin hydrogenation and isomerisation). The water-gas 
shift activity was analysed using the CO2 selectivity (see Figure 2.11). The copper promoted iron 
catalyst had higher CO2 selectivity than the un-promoted iron catalyst. The high CO2 selectivity 
was attributed to the enhanced activity of the water gas shift reaction, which has been reported 
by other researchers to be promoted by the presence of copper [101].  
 
 
Figure 2.10: Promoter effects on the activity and stability: Synthesis gas (H2/CO) conversion 
(%) vs time on stream (hr) at 250 
o
C [101]. 
 
T=250 
o
C, P=1.48 MPa, (H2:CO)=1, SV=2 Nl/g-cat.h 
                                                                                                                                           Chapter 2 
 
28 
 
 
Figure 2.11: Effect of promoter and temperature on the water-gas shift reaction activity [101] 
 
However, there is still an uncertainty as to how copper assists in the FT activity. In a recent 
study Cairns [94], investigated the promotional effect of copper on iron catalyst. He reported an 
increase in the overall oxygenate selectivity with increasing copper loadings as well as a slight 
change in the paraffin formation, these findings were attributed to a slight shift of primary 
product selectivity and the effects of secondary hydrogenation. Cairns [94] reported that copper 
had no effect on the FT activity.  Wachs et al. [56] stated that in-order to achieve a promotional 
effect intimate contact between metals was required. Li et al. [47] also observed that for any 
promotional effect by copper on iron catalyst to occur, intimate contact between the metals was a 
prerequisite. This was further confirmed by Cairns [94] in the study conducted on the 
promotional effect of copper on iron catalysts. He further observed that intimate contact between 
metals was favoured by the use of the co-precipitation method. 
 
2.9.6.  Promotional effect of other group 1b metals on iron-based FT catalysts 
Elements in the same group in the periodic table have similar properties and thus behave in a 
similar manner. If this rule is followed, then metals such as Cu, Ag and Au would behave 
similarly under similar reaction conditions. Hence, it might be assumed that group 1b metals 
such as Ag and Au may also act as a reduction promoter.  
 
The promotional effect of silver on iron-based FT catalysts has not been well documented. To 
our knowledge the only study conducted was by Wachs et al. [56], in which the promotional 
effect of silver on iron catalysts was investigated and Jacobs et al. [102], in which they 
investigated that promotional effect of Cu, Ag and Au on Co/Al2O3  FT catalysts. The catalysts 
P=1.48 MPa, (H2/CO)=1, SV=2 Nl/g-cat.h 
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were prepared by incipient wetness method and activated in H2. They reported that silver had ‘no 
effect’ on the reduction behaviour of the iron catalyst and showed ‘no effect’ on the Fischer-
Tropsch synthesis performance. They concluded that silver acted neither as a reduction promoter 
nor as a chemical promoter, because of the ‘lack of intimate’ contact between silver and iron 
during the activation and Fischer-Tropsch synthesis.  
 
2.9.7.  Overview of the promotional effect of copper and silver on iron-based FT catalysts 
The effects of copper on iron-based FT catalysts can be summarized as follows: 
o assists in the reduction of the iron oxide, 
o may influence the activity of the iron-based FT catalyst during Fischer-Tropsch synthesis 
o may affect the activity of the water-gas shift reaction, 
o may affect Fischer-Tropsch product selectivity.  
 
However, most of the studies conducted on the promotional effect of copper on iron-based FT 
catalysts have been done on multi-component catalysts. Thus, making it difficult to distinguish 
which component is responsible for the observed promotional effect. Furthermore, silver is in 
the same group in the period table as copper and thus, may show similar promotional effect. The 
lack of documented work on the silver promotional effect on iron-based catalysts makes silver a 
good candidate for evaluation as a promoter for iron-based FT catalyst. Previous work conducted 
on the promotional effect of metals (Cu, Mn) on the  iron-based FT catalysts articulate that for 
any promotional effect to occur the promoter and the active phase need to be in intimate contact. 
Therefore, in order to eliminate the interference of the other components (such as K, SiO2), and 
ensure intimate contact of the promoter (Cu and Ag) with iron, ferrites are used as model 
catalysts to investigate the promotional effect of Cu and Ag on iron-based catalysts. 
 
2.10.   Ferrites 
Ferrites are defined as a material composed of Fe
3+
 ions as the main cationic component. Ferrite 
systems have received enormous attention due to their importance as magnetic materials, and 
semiconductors [103] and catalysts for a number of catalytic processes such as methane 
reforming, treatment of automotive exhausted gases and hydrogen production by steam 
reforming of DME as well as water-gas shift [104,105,106,107,108,109]. A number of 
preparation methods have been used to prepare pure phases of the ferrite systems, viz. ball-
milling [110,111], solid state reaction [112], co-precipitation [113,114] and combustion 
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synthesis [115]. Great importance should be taken when choosing the preparation method, since 
the magnetic properties of the ferrite samples are governed by cation distribution between the 
two sublattices, which can be altered by the synthesis method, heat treatment temperature, heat 
duration time and cooling rate. Ferrites are further sub-divided into spinels and delaffosites, 
depending on the orientation of the cations within a ferrite crystal structure.  
 
2.10.1.  Spinel ferrites (AB2O4) 
Spinel ferrites belong to a sub-group of ferrites and have a formula AB2O4, where A is a divalent 
metal (e.g., Cu, Mn , etc.) and B is a trivalent metal (e.g., Fe, Al, etc.). In spinel ferrite the metal 
ions are situated in two different lattice positions, the tetrahedral (A) and octahedral (B) sites 
according to the geometrical configuration of the oxygen nearest neighbours [116]. Spinel 
copper ferrite belongs to the spinel-type ferrite group. This material has a molecular formula of 
CuFe2O4. However, a whole range of distribution of cations is possible in CuFe2O4 and it can be 
represented generally by the formula (Cu
2+
)1-x(Fe
3+
)x[(Cu
2+
)x(Fe
3+
)2-x]O4
2-
 (the ions inside the 
brackets occupy the octahedral (B) sites and the ions outside the bracket occupy the tetrahedral 
(A) sites; x represents the so-called degree of inversion as defined as the fraction of A-sites 
occupied by Fe
3+
 cations). In the above formula when x=0, it is called normal spinel (Figure 2.12 
(a)). When x=1 it is called inverse spinel (see Figure 2.12 (b)) and when 0<x<1 it is called mixed 
spinel [117,111]. The cation distribution of the CuFe2O4 is significantly altered by the 
preparation method, calcination temperature, calcination duration and cooling rate. The normal 
spinel (cubic) forms during calcination at temperatures higher than 350 
o
C, with Cu
2+
 ions in the 
tetrahedral (A) sites and Fe
3+
 ions found on the A-sites and octahedral (B) sites [118,119,120]. 
While the inverse spinel (tetragonal) forms at temperature below 350 
o
C [121,122], where the 
Cu
2+
 ions mainly the on the B-sites, whereas, the Fe
3+
 ions are found on A- and B-sites with 
approximately equal occupancy. Weil et al. [123] reported a copper ferrite structure that was 
neither cubic nor inverse spinel, which was referred to as a disordered structure, with both kinds 
of ions in both sites. Earlier studies have also demonstrated that crystal distortion (tetragonal to 
cubic) may be induced due to the Jahn-Teller effect in partial inverse, bulk CuFe2O4 samples. 
The distortion depends on the Cu
2+
 ion distribution in the sublattices [124]. Since Cu
2+
 is a Jahn-
Teller ion (J-T), it gives the anomalous favourable properties and also exhibits phase transition 
from tetragonal to cubic, depending on the temperature. The J-T transition is argued to be order-
disorder in character, but exact nature is still not fully understood [125,126]. 
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(a) 
 
(b) 
Figure 2.12: The spinel crystal structure of (a) tetragonal (inverse spinel) and (b) cubic spinel 
CuFe2O4 [127] (where A is the monovalent cation, B is the trivalent cation and O is 
oxygen) 
 
2.10.2.  Delafossite ferrites (CBO2) 
Delafossite is a ternary oxide with a general formula CBO2, where C is a monovalent metal and 
B a trivalent metal. Examples of the delafossite systems include copper ferrite (CuFeO2) and 
silver ferrite (AgFeO2). The delafossite structure can be viewed as the stacking of [B
3+
O
2-
2] 
layers made of two closely-packed oxygen planes having all octahedral sites occupied by B
3+
 
cations, which are connected by planes of C
+
 cations arranged as a triangular network. Each C
+
 
cation is linearly coordinated with two oxygen ions from the oxygen planes above and below. 
The stacking sequence of successive oxygen compact layers along the c axis leads to various 
polytypes of the delafossite structure; the hexagonal layered structure can either belong to 
hexagonal 2H (space group: P63/mmc) or rhombohedral 3R (space group: R3m) structures as 
shown in Figure 2.13 (a) and (b) [128], respectively. The delafossite structure can be visualized 
O
B
A
A
B
O
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as consisting of two alternating layers: a planar layer of edge-sharing BO6 octahedra flattening 
with respect to the c-axis. By stacking the double layers with alternating C layers oriented 180 
o
C relative to each other, the hexagonal 2H type is formed. The rhombohedral 3R type is formed, 
if the double layers are stacked with the C layers oriented the same direction relative to one 
another but offset from each other in a three layer sequence. 
 
  
(a)                                           (b) 
Figure 2.13: The delafossite structure (yellow octahedra with coordinated Fe sites (red) and 
Cu/Ag sites (blue))  
(a) rhombohedral (R3m) 
(b) hexagonal (P63/mmc) 
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Chapter 3 
 
Scope of the Thesis 
This chapter is aimed at providing the reader with a brief discussion of the work that will be 
covered in the study. 
 
Copper is added to the industrially used iron-based Fischer-Tropsch catalysts, to assist in the 
reducibility of the iron oxide during H2 activation [1,2,3]. Furthermore, the presence of copper in 
iron-based Fischer-Tropsch catalysts may affect the Fischer-Tropsch performance of the catalyst 
[4,5]. Previous studies [6,7,8] have shown that in order for any promotional effect to occur, 
intimate contact between the promoter and the catalytically active phase is required. To achieve 
the intimate contact between the metals, ferrite systems were used. Ferrites are a group of metal 
oxides or mixed metal oxides in which intimate contact between metals exists. In this study the 
promotional effect of group 1b metals (copper and silver) on iron-based Fischer-Tropsch 
catalysts was investigated using ferrites (spinel copper ferrite (CuFe2O4), delofassite copper 
ferrite (CuFeO2) and silver ferrite (AgFeO2) as model catalysts. To our knowledge, no studies 
have been conducted using ferrites as model catalysts for investigating the promotional effect of 
copper (Cu) and silver (Ag) on iron-based Fischer-Tropsch catalysts. 
 
The model catalysts were preparation via the co-precipitation method of their respective nitrates. 
No additional promoters (chemical or structural promoters) were added in order to minimise any 
additional promotional effects by other promoters. The nature, composition, reducibility of the 
calcined, H2 and CO activated, spent model catalysts was characterized using several methods. 
These techniques include X-ray diffraction (XRD), Mӧssbauer absorption spectroscopy (MAS), 
Scanning electron microscopy-electron dispersive x-ray analysis (SEM-EDX), Atomic 
absorption spectroscopy (AAS), H2-Temperature-programmed reduction (TPR) and in-situ X-
ray diffraction (XRD). In-situ XRD analysis was conducted in order to gain better understanding 
of the phase transformation and changes in the average crystallite sizes in the model catalysts 
during the H2 and CO activation. The Fischer-Tropsch performance of the model catalysts were 
tested in a slurry bed reactor at low temperature Fischer-Tropsch conditions (250 
o
C, 20 bar, H2: 
CO in a ratio of 2.1: 1 and argon as an internal standard). 
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Chapter 4 
 
Experimental Section 
This chapter is aimed at providing the reader with a detailed discussion on the method of 
preparation of the selected model catalysts, characterization techniques used and the 
Fischer-Tropsch synthesis reaction conditions, also included is the analysis method of the 
Fischer-Tropsch synthesis products.  
 
4.1. Model catalysts preparation  
Maghemite (γ-Fe2O3) and hematite (α-Fe2O3) which were used as reference materials were 
prepared using the precipitation method while the co-precipitation method was used in the 
preparation of the spinel copper ferrite (CuFe2O4), delafossite copper ferrite (CuFeO2) and 
silver ferrite (AgFeO2). All the model catalysts were prepared following modified literature 
methods, and are discussed below. 
 
4.1.1.  Reagents 
The reagents used in the preparation of the model catalysts were iron nitrate (Fe(NO3)3•9H2O, 
98.0 %), copper nitrate (Cu(NO3)2•3H2O, 98.0 %) and silver nitrate (AgNO3, 99.9 %). An 
aqueous ammonia solution (25 wt.-%) and an aqueous sodium hydroxide solution (45 wt.-%) 
were used as precipitating agents. All reagents were purchased from Kimix and were used as 
received. 
 
4.2. Precipitation Method 
4.2.1.  Preparation of maghemite (γ-Fe2O3) 
An aqueous solution of 25 wt.-% ammonia hydroxide (20 ml) was added drop-wise to 150 ml 
solution of 0.3 M Fe(NO3)3•9H2O under constant stirring until pH of ~10. The solution was 
stirred for 4 hrs at room temperature. Thereafter, the precipitate was recovered by filtration 
and washed six times by adding 250 ml of de-ionized water to the precipitate. The recovered 
precipitate was dried in an oven at 120 
o
C for 16 hrs and subsequently calcined at 350 
o
C for 
6 hrs (heating rate from room temperature to 350 
o
C of 10 
o
C.min
-1
) in a fluidised bed reactor 
in air
 
with a flowrate of 150 ml(STP).min
-1
 [1].  
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4.2.2. Preparation of hematite (α-Fe2O3) 
An aqueous solution of 25 wt.-% ammonium hydroxide (20 ml) was added drop-wise to 150 
ml solution of 0.3 M Fe(NO3)3•9H2O under constant stirring until pH of ~10. The resulting 
suspension was stirred for 4 hrs at room temperature. Thereafter, the precipitate was 
recovered by filtration and washed six times by adding 250 ml of de-ionized water to the 
precipitate. The recovered precipitate was dried in an oven at 120 
o
C for 16 hrs and 
subsequently calcined at 950 
o
C for 8 hrs (heating rate from room temperature to 950 
o
C of 
10 
o
C.min
-1
) in a fluidised bed reactor, in air
 
with a flowrate of 150 ml(STP).min
-1
 [2].  
 
4.2.3. Preparation of copper oxide (CuO) 
Copper oxide was prepared by drop-wise addition of (25 ml) of a 4M aqueous NaOH solution 
to 15 ml of a 0.7 M aqueous solution of Cu(NO3)2•3H2O with constant stirring until pH of 
~10. The precipitate was washed five times with 25 ml of de-ionized water. Thereafter, the 
sample was dried in an oven at 120 
o
C for 16 hrs and subsequently calcined in a fluidized bed 
in air at 450 
o
C (heating rate of 10 
o
C.min
-1
) for 4 hrs [3].  
 
4.3. Co-precipitation Method 
4.3.1. Preparation of copper ferrite (CuFe2O4) 
An aqueous solution of 16.6 M sodium hydroxide (25 ml) was added drop-wise to 150 ml 
mixed-metal nitrate (0.1 M Cu(NO3)2•3H2O (90 ml) and 0.3 M Fe(NO3)3•9H2O (60 ml) ) 
solution with a molar ratio of Cu: Fe = 1: 2, while stirring at a constant temperature of 70 
o
C. 
The final pH of the solution was 12. The mixture was heated under reflux at 70 
o
C for 6 hrs. 
The precipitate was recovered by filtration and washed 6 times with 250 ml of de-ionized 
water. Thereafter, the precipitate was dried in an oven at 120 
o
C for 16 hrs and subsequently 
calcined a fluidized bed reactor at 950 
o
C (heating ramp rate of 10 
o
C.min
-1
) for 8 hrs in air 
with a flowrate of 200 ml(STP).min
-1 
[4,5].  
 
4.3.2.  Preparation of the delafossite ferrite systems 
4.3.2.1. Preparation of copper ferrite (CuFeO2) 
An aqueous solution of 16.6 M sodium hydroxide (25 ml) was added drop-wise to 150 ml of 
a 0.3 M mixed-metal nitrate (ratio of Cu(NO3)2•3H2O and Fe(NO3)3•9H2O of 1 : 2), while 
stirring at 70 
o
C until pH of ~12. The mixture was refluxed at 70 
o
C for 6 hrs. The resulting 
precipitate was recovered by filtration and washed 6 times with 250 ml of de-ionized water. 
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The precipitate was dried in an oven at 120 
o
C for 16 hrs and subsequently calcined at 950 
o
C 
(heating ramp rate of 15 
o
C.min
-1
) for 48 hrs in a fluidised bed reactor under argon (flowrate 
of 100 ml(STP).min
-1
), with intermediate grinding every 12 hrs in an agate mortar [6].  
 
4.3.2.2.  Preparation of silver ferrite (AgFeO2) 
An aqueous solution of 16.6 M sodium hydroxide (25 ml) was added drop-wise to a 150 ml 
mixed-metal nitrate (0.8 M AgNO3 and 2.2 M Fe(NO3)3•9H2O) solution under stirring until a 
pH of ~12. An excess of iron was used to ensure incorporation of all silver as delafossite [7].  
The mixture was heated under reflux at 70 
o
C for 6 hrs. The resulting ruby-brown precipitate 
was recovered by filtration and washed 6 times with 250 ml of de-ionized water. The ruby-
brown precipitate was dried in an oven at 120 
o
C for 16 hrs and subsequently calcined at 400 
o
C (heating ramp rate of 10 
o
C.min
-1
) for 8 hrs in a fluidised bed reactor under argon with a 
flowrate of 100 ml(STP).min
-1
, [8]. A relatively low temperature was chosen since sliver 
ferrite decomposes in air to metallic silver and hematite at temperatures above 700 
o
C. 
 
4.4. Characterization Techniques 
The elemental composition of the calcined model catalysts was determined using atomic 
absorption spectroscopy (AAS) and scanning electron microscopy - energy dispersive X-ray 
analysis (SEM-EDX). The phases present, relative abundances and the average crystallite 
sizes of the calcined, activated and spent model catalysts were confirmed using X-ray 
diffraction (XRD). Mössbauer absorption spectroscopy (MAS) was used to study the iron 
phase(s) present i.e., the valence state of the iron present and relative abundance in the 
calcined, activated and spent model catalysts. Infrared spectroscopy (IR) was also used to 
study the iron and copper phases present in the calcined model catalysts. H2-temperature 
programmed reduction (H2-TPR) was used to study the reducibility and reduction behaviour 
of the model catalysts in hydrogen atmosphere. The phase transformation, relative abundance 
of the respective present phase(s) and the changes in the average crystallite sizes during H2 
and CO activation were studied using in-situ X-ray diffraction (in-situ XRD). 
 
4.4.1. Atomic Absorption spectroscopy (AAS) 
The sample (0.10 g) was digested in a mixture of 8 ml of 30 % hydrochloric acid (HCl) and 2 
ml of 40 % hydrofluoric acid (HF). The slurry was brought to boiling in a 250 ml Erlenmeyer 
flask. Once boiling, 10 ml of 60 % nitric acid (HNO3) was added and the resulting solution 
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was reduced to a volume of approximately 2 ml of concentrated perchloric acid (5 ml) was 
added and the resulting solution was reduced again to 2 ml. The sample was quantitatively 
transferred to a 100 ml volumetric flask and made up to a volume of 100 ml with distilled 
water. The liquid sample was then filtered and the filtrate was analysed on a Varian 
SpectrAA-30 spectrometer attached to a DS-15 station to determine the concentrations of 
iron, copper, silver and sodium on the respective calcined model catalysts. 
 
4.4.2. Scanning electron microscopy - energy dispersive x-ray analysis (SEM- EDX)  
The morphology of the calcined and spent model catalysts was determined using SEM. A 
scanning electron microscope (Nova NanoSEM 230) equipped with a Four Quadrant Back 
Scatter Detector and an energy dispersive Fissons Kevex X-ray spectrometer (EDXA) 
operating at 20 keV and a working distance of 6 mm from the sample. The INCA software 
was used to determine the amount of iron, copper, silver and sodium in the model catalyst. 
Sample preparation involved sprinkling the sample on an aluminium stub coated with glue 
containing graphite. Graphite is used to conduct electrons, thereby preventing charge build 
up. The samples are then coated with carbon, which does not interfere with the elemental 
analysis. 
 
4.4.3. X-ray diffraction (XRD) 
The crystalline phases present, relative abundances of the phases and the average crystallite 
sizes in the calcined, reduced and spent model catalysts were determined by X-ray diffraction 
(XRD) using a Bruker, D8 Advanced X-ray diffractometer (Germany) with a Co-Kα  
radiation source (λ = 1.78897 Å) and a position sensitive detector (Bruker Vantec) operating 
at 35 kV and 40  mA. For all the samples the optics were set to parallel beam geometry so as 
to counteract possible peak shifts due to sample height difference (sample displacement). The 
XRD patterns of the samples were measured in 0.0057 
o
 steps from 10 
o 
to 90 
o
 (in 2θ) and 
were identified by matching experimental patterns to entries in the Diffrac
plus
 Version 6.0 
indexing software. The average crystallite sizes in nanometers (nm) were calculated using 
Topas Rietveld refinement software.  
 
4.4.4. Mössbauer absorption spectroscopy (MAS) 
Mössbauer absorption spectroscopy (MAS) measurements of the calcined, reduced and spent 
model catalysts were performed at room temperature (298 K), at liquid helium temperature 
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(4.2 K) and at liquid helium temperature (4.2 K) in an applied magnetic field of 10 T using 
conventional constant acceleration spectrometers designed to operate in the absorption mode 
(MAS). The measurements in the absence or presence of an applied magnetic field were 
performed using the Spectromag SM4000-10 system. The individual absorption features of 
various doublets and sextets were then attributed to specific crystalline phases based on their 
isomer shift (δ), quadrupole splitting (∆) and magnetic hyperfine field (Bhf). The quantity of 
each phase present was determined from their relative contribution to the absorption spectra. 
Metallic iron foil (α-Fe) was used to calibrate the velocity scale and the isomeric shift values 
are reported relative to it. 
 
4.4.5. Fourier-Transform Infrared spectroscopy (FT-IR) 
The Fourier-Transform Infrared technique was used to record the interaction of IR radiation 
with the sample by measuring the frequencies at which the sample absorbs the radiation. IR 
measurements were done on a Perkin-Elmer 1000 FT-IR spectrometer (Perkin-Elmer, USA). 
The samples were prepared by mixing pre-dried samples (50 mg) of the catalyst and 
potassium bromide (KBr, 1 g). The IR spectra were recorded between 400 and 4000 cm
-1 
with 
a resolution of 4 cm
-1
. A 1000 scans were averaged to obtain the spectrum.  
 
4.4.6. H2-Temperature programmed reduction (H2-TPR) 
The reduction behaviour of the model systems was determined by H2-temperature 
programmed reduction (H2-TPR). The calcined model catalyst sample (m = 0.030 g) was 
placed in a quartz reactor of a Micromeritics AutoChem 2950 (Micromeritics Instrument 
Corp., USA). Hydrogen (5 %) in argon (Ar) was used as the reducing gas. The sample was 
dried in argon (flowrate of 50 ml.min
-1
) for 2 hrs at 120 
o
C. Subsequently, the sample was 
heated in the reduction gas from 60 to 900 
o
C using a linear temperature ramp of 10 
o
C.min
-1
. 
The hydrogen consumption was measured with a thermal conductivity detector (TCD) which 
was calibrated at regular intervals using materials with known reduction behaviour (i.e., 
Ag2O, NiO). The samples were heated with a regulated furnace and the temperature was 
measured by a thermocouple placed 2 mm above the sample.   
 
4.4.7. In-situ X-ray diffraction (in-situ XRD) 
The crystalline phases present, relative abundances of the phases and the average crystallite 
sizes of the model catalysts during H2 and CO activation, respectively, were determined by 
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XRK-900 reaction chamber (Anton-Paar, Austria) attached to the X-ray diffraction (XRD) 
using a Bruker, D8 Advanced X-ray diffractometer (Germany) with a Co-Kα irradiation 
source (λ = 1.78897 Å) operating at 35 kV and 40 mA. The model catalyst (0.50 g) was 
loaded onto an alumina sample holder. A reducing gas was passed through the sample at a 
flowrate of 50 ml(STP).min
-1
. The sample was heated from 50 to 270 
o
C with a heating rate 
of 1
o
C.min
-1
, while acquiring XRD data after every 30 minutes. Subsequently, the 
temperature was kept for 16 hours at 270 
o
C, while acquiring XRD data after every hour. The 
XRD patterns of the samples were measured in 0.011 
o
 steps from 20 
o 
to 84 
o
 (in 2θ) and 
were identified by matching experimental patterns to entries in the Diffrac
plus
 Version 6.0 
indexing software. The average crystallite sizes in nanometers (nm) were calculated using 
Topas Rietveld refinement software. 
 
4.5. Fischer-Tropsch synthesis (FTS) experiments 
4.5.1. Test unit set-up 
The physical set-up of the rig for the Fischer-Tropsch synthesis is shown in Scheme 3.1. 
Gases are supplied from cylinders (Air Products, H2, CO, CO2, Ar) and were fed via mass 
flow controllers (Brooks 5850S, Brooks Instruments, The Netherlands). During normal 
operation, argon (used as an internal standard for the sample analysis), hydrogen (H2) and 
carbon monoxide (CO) was fed to the system via mass flow controllers (MFC-1–3), straight 
to the reactor. The feed composition was measured with an on-line GC-TCD taken off the 
stream at the ampoule sampling point SP-1. The reactor is a 1L slurry bed micro reactor (E-
1), equipped with a stirrer. A back-pressure regulator (BPR) is used to maintain and control 
the total pressure of the system. Heavy liquid hydrocarbon products from the Fischer-Tropsch 
synthesis were collected in the hot wax trap (E-2). The hot wax trap temperature was set at 
210 
o
C, to ensure efficient collection of the heavy reaction products. Samples of the reactor 
effluent were taken at the ampoule sampling point SP-2. The effluent was sampled using the 
ampoule sampling technique [10] and with an online-GC-TCD. Water and oil products were 
collected in the cold trap (E-3), at room temperature. The temperature of all the lines after the 
reactor to the condenser was kept at 210 
o
C.  
 
4.5.2. Reactor start-up 
Commercially available hydrogenated hard wax (supplied by Sasol) was used as start-up 
slurry medium. The weighed model catalyst (5.00 g) was slowly added to the molten wax 
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(300 g) in a 1 dm
3
 reactor vessel. The reaction vessel was then closed by attaching the reactor 
to the top flange by using the jaws. The temperature and pressure were subsequently 
increased to the reaction conditions under argon flowrate of 100 ml(STP).min
-1
. The stirrer 
was set to 350 rpm. The activation gas was slowly introduced into the reactor vessel to 
prevent turbulence.  
 
4.5.2.1. Model catalysts activation  
Prior to the Fischer-Tropsch synthesis the model catalysts were activated in-situ at a 
temperature of 270 
o
C and atmospheric pressure, for 16 hrs, at a heating rate of 1 
o
C min
-1
. 
Hydrogen (H2) or carbon monoxide (CO) gas was passed through the stirred reactor at a 
flowrate of 500 ml(STP).min
-1
. The activation conditions are summarized in Table 4.1.  
 
Table 4.1: Activation conditions for model catalysts prior to the Fischer-Tropsch synthesis 
Reduction conditions 
Activation gas Hydrogen (H2) / carbon monoxide (CO) 
Mass of catalyst 5.00 g 
Pressure Atmospheric 
Temperature 270 
o
C 
Flow rate 500 ml(STP).min
-1
 
 
 
4.5.2.2.  Fischer-Tropsch synthesis and conditions 
After activation, the reactor was switched to bypass and cooled under argon (Ar) to the 
Fischer-Tropsch synthesis temperature of 250 °C. Once at reaction temperature the reactor 
system was pressurised to 20 bar (absolute). The synthesis gases were introduced into the 
reactor in a H2: CO ratio of 2.1: 1. Argon was added to the synthesis gas in a ratio of Ar: CO 
of 0.6: 1 as an internal standard. The detailed Fischer-Tropsch synthesis conditions are given 
in Table 4.2.  
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Table 4.2: Fischer-Tropsch synthesis conditions for model catalysts 
Fischer-Tropsch synthesis (FTS) conditions 
Masscat. 
H2: CO: Ar ratio 
  5.00 g 
  2.1: 1: 0.6 
Temperature   250 
o
C 
Pressure   20 bar (absolute) 
Space velocity (SV)
1
   190 ml(STP).min
-1
.g
-1
 
FCO,0/W   0.14 mol.hr
-1
.g
-1
 
Internal standard gas   Argon (Ar) 
             1
: space velocity based on total gas flow in  
 
The flow rates of hydrogen and carbon monoxide relative to the internal gas standard (Ar) 
were confirmed by on line gas chromatographic analysis over several consecutive feed 
analyses. The flow of the synthesis gas through the reactor system defined the start of the 
Fischer-Tropsch synthesis reaction. The progression of the reaction was monitored by regular 
sampling using a combination of online-TCD and offline-FID (via ampoule sampling) 
analytical techniques. Once the reaction was completed, the reactor was flushed with argon; 
thereafter, the stirred stopped and the temperature dropped to 150 
o
C.  After 16 hrs the 
catalyst was allowed to settle at the bottom of the reactor, while, argon (50 ml(STP).min
-1
) 
was passed through the reactor. Once the catalyst had settled at the bottom of the reactor, the 
temperature was further dropped to room temperature. Thereafter, the wax embedded sample 
was removed from the reactor and characterized. 
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4.7. Analytical procedures: Product analysis  
4.7.1. Analysis of inorganic compound and methane  
A gas chromatograph (GC) equipped with a thermal conductivity detector (TCD) was used 
for online analysis of H2, CO, CO2, Ar and CH4 in the feed gas and the effluent gas from the 
Fischer-Tropsch synthesis. The use of this technique allowed for monitoring of reactant 
conversions and rate of product formation. Figure 4.1 shows a typical chromatogram obtained 
from the online GC-TCD analysis during the Fischer-Tropsch synthesis. The TCD peak areas 
of the respective gases were related to the peak area for argon (internal gas standard) in the 
chromatogram. The conditions under which the gas chromatographic analysis took place are 
tabulated in Table 4.3. A calibration gas mixture with known composition was used for the 
calibration of the TCD set-up. The peak areas (Ai) obtained from the TCD analysis of the 
calibration gas were then used to calculate the relative calibration factors (fTCD,i), normalised 
for Arfollowing equation 3.1.  
 
(
  
   
)           (
  
   
)                                                       (4.1) 
 
with    i   :  molar flow rate of compound i; 
         Ar   :  molar flow rate of Ar. 
         fTCD,i    :  response factor for compound i relative to the reference argon  
                                       (Ar); 
         Ai   :  peak area of compound i in the TCD chromatogram; 
         AAr    :  peak area of Ar in the TCD chromatogram; 
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Figure 4.1:  A typical chromatogram obtained from the online GC-TCD analysis during                     
Fischer-Tropsch synthesis (only peaks used in analysis are labeled) 
 
4.7.1.1. Data work-up – Inorganic compound and methane  
During Fischer-Tropsch synthesis, online samples were taken and analysed using GC-TCD. 
The molar flow rate of each species present was calculated using the peak area of the 
respective species present relative to the internal standard Ar. Since the flow rate of the 
internal gas standard (Ar) is fixed and known, the flow rates of the inorganic compounds and 
methane was then calculated from the known argon flow rate:. 
 
            (
  
   
)                                                      (4.2) 
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Table 4.3:  Conditions for the on-line gas chromatographic analysis using Thermal 
Conductivity Detectors (TCD) 
Micro Gas Chromatograph Varian CP-4900 
Channel A 
Detector    Thermal Conductivity Detector  
Column Type     Molsieve 5 Å Plot Column, 20 m 
Carrier Gas     Hydrogen (H2) 
Analysis Temperature     80 
o
C 
Analysis Pressure    150 kPa 
Analysis Time     220 s 
Gases selected     Argon (Ar), Methane (CH4), Carbon  
    monoxide (CO) 
Channel B 
Detector  Thermal Conductivity Detector (TCD) 
Column Type  Pora PLOT Q Column, 10m 
Carrier Gas  Hydrogen (H2) 
Analysis Temperature  60 
o
C 
Analysis Pressure  100 kPa 
Analysis Time  220 s 
Gases selected   Carbon dioxide (CO2) 
Channel C 
Detector  Thermal Conductivity Detector (TCD) 
Column Type  Molecular sieve 5 PLOT, 10 m 
Carrier Gas  Argon 
Analysis Temperature  80 
o
C 
Analysis Pressure  150 kPa 
Analysis Time  220 s 
Gases selected  Hydrogen (H2) 
 
Once the molar flow rates of the reactants and some of the products have been determined, 
the conversions of the reactants and selectivity of the compounds can be calculated.  
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The conversions (Xi) of a reactant i, is determined according to equation 4.3, below.   
 
     
           
     
                                                      (4.3)                                                                                                                                                                                                              
 
with   Xi   :  percentage conversion of compound i; 
           i,in  :  feed gas molar flow rate of compound i; 
           i,out  :  tail gas molar flow rate of compound i. 
 
The yield and selectivity of compound i (Si,C) on a carbon basis is calculated according to 
equation 4.4 and 4.5, respectively; 
 
       
     
      
                                                              (4.4) 
 
       
   
         
                                                       (4.5)  
 
While the selectivity of carbon dioxide (SCO2,C), on a carbon basis is determined according to 
equation 3.6. 
 
       
     
   
                                                        (4.6)  
 
with  Yi,c  :  yield of compound i; 
          Si,C  :  selectivity of compound i on a carbon basis; 
          XCO  :  carbon monoxide (CO) conversion; 
          YCO2  :  yield of carbon dioxide (CO2). 
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The rate of the Fischer-Tropsch synthesis, i.e., the rate at which carbon is incorporated into 
organic product compounds, rFT, is given by equation 4.7; 
 
     
                   
             
                                             (4.7) 
 
 
with   nCO,in   :  molar flow rate of CO entering the reactor; 
         nCO,out    :  molar flow rate of CO exiting the reactor; 
         nCO2   :  molar flow rate of CO2 produced; 
         SAtotal,FexC  :  total surface area of iron carbide in the spent catalyst. 
 
               
           
      
                                             (4.8) 
 
Assuming that all Fe in spent catalysts is Mössbauer absorption spectroscopy visible, then the 
amount of iron carbide in the spent catalyst can be determined. The mole balance for iron 
yields: 
 
nFe,in = nFe,out 
 
with  nFe,in  :  number of moles of iron in calcined catalyst; 
         nFe,out  :  number of moles of iron in spent catalyst. 
 
Therefore:  
∑                    ∑
        
         
                                 (4.9) 
 
with  mFe,in  :  mass of iron in calcined catalyst; 
         MMFe,in   :  molar mass of iron in calcined catalyst; 
         mFe,out  :  mass iron in spent catalyst; 
         MMFe,out  :  molar mass of iron in spent catalyst. 
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                 ∑                                                 (4.10) 
 
with  mspent catalysts :  mass of iron in calcined catalyst; 
         ∑ni  :  sum of iron compound i. 
 
The surface area (SAFexC) is calculated according to equation relating to a sphere or a cube 
(equation 4.11). The crystallite diameter (nm) used to calculate the surface area is obtained 
from XRD analysis.  
 
          
    
(       )
                                                           (4.11) 
 
with  SA,FexC  :  surface area (g.m
-2
); 
         dXRD   :  average crystallite diameter (nm); 
         ρ   :  density (g.cm-3).  
 
 
4.7.2.  Offline sampling technique 
The offline product sampling was conducted using the glass ampoule sampling technique 
developed by Schulz and co-workers [9,10]. Glass ampoules were prepared from 
commercially available Pasteur pipettes, which were evacuated and subsequently sealed. 
During sampling the capillary end of the pre-evacuated gas ampoule was inserted through an 
airtight septum into a heated ampoule (Scheme 3.2). By breaking the end of the capillary, 
using the breaking fork, the volatile compounds were sucked into the ampoule. The capillary 
was then sealed immediately with a butane flame (ampoule sealer). These samples can be 
stored and then analysed using a special ampoule breaking device connected to a gas 
chromatography (GC) system with a flame ionization detector (FID) for the analysis of 
organic product compounds. 
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Scheme 4.2:   Schematic drawing of the off-line ampoule sampling device 
 
4.7.3. Analysis of organic product compounds 
A gas chromatograph (GC) equipped with a flame ionization detector (FID) was used for 
offline analysis of organic products in the vapour phase under reaction conditions. The 
conditions under which the analysis took place are given in Table 4.4. A typical FID 
chromatogram of the Fischer-Tropsch synthesis products is shown in Figure 4.2.  
 
The glass ampoule collected during the FTS run was placed into a heated ampoule breaker 
device where it was broken under a flow of nitrogen; this flow with the gas sample was then 
introduced into the split injector of the gas chromatograph through a system of valves, where 
the carrier gas was switched to hydrogen after 2 minutes.  
 
Breaking fork Septum
Evacuated 
Ampoule
Gas in
Gas out
Before sample is taken
After sample is taken
Gas out
Gas in
Ampoule sealerBroken tip
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The FID is carbon specific in its response, but the response of all carbon atoms is not equal. 
For example carbon atoms bonded to an oxygen atom gives a weaker response than other 
carbon atoms. To account for this variation in response, theoretical incremental response 
factors suggested by Kaiser et al. [11] are used. Using this approach, all carbon atoms not 
attached to an oxygen atom has a response factor of 1. For a carbon atom with a single bond 
to oxygen, the response factor is 0.55 and finally a carbon atom with a double bond to oxygen 
has no response. Therefore the response factor of a specific compound is calculated according 
to equation 4.12. 
     (
    
  (   )      (  (  ) )
)                                      (4.12) 
 
with  fi      :  response factor for compound i; 
         NC,i      :  total number of carbon atoms; 
         NC(noO)   :  number of carbon atoms not bonded to an oxygen atom; 
         NC(CO)   :  number of carbon atoms with a single bond to oxygen. 
 
The flow rate of the various organic product compounds can be obtained knowing the 
methane flow rate as obtained from the online GC-TCD analysis. The flow rate can be 
expressed as the molar flow rate of a product compound: 
 
      
      
    
  (
  
    
)                                                       (4.13) 
 
or as the molar flow rate of carbon in a product compound: 
 
              (
  
    
)                                                       (4.14) 
 
4.7.3.1. Data work-up – Organic compound                                                                               
The selectivity (or molar content) of carbon within the fraction of carbon compounds (Si,c,), 
can be expressed as in equation 4.15. 
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∑    
                                                                                 (4.15) 
with   ni,c      :  molar fraction of compound i; 
          ∑ni,c      :  sum of molar fraction of the carbon compounds. 
 
This can be modified for carbon number specific selectivities. For example the selectivity 
(molar content) of linear olefins in linear hydrocarbon product for carbon number x would be 
as presented in equation 4.16: 
 
(            )     
(           )  
 ∑(             )  
  ∑(           )  
                      (4.16) 
 
 
Table 4.4: Conditions for the off-line gas chromatographic analysis using Flame Ionization 
Detector (FID) 
Gas Chromatograph Varian CP-3800 
Detector 
Detector temperature 
Flame Ionization Detector  
200 
o
C 
Column type 
 
Column pressure 
25 m X 0.15 mm Capillary Column CP-SIL 5CB,  
2 μm film thickness  
1.72 bar 
Carrier gas H2   (30 ml(STP).min
-1
) 
Makeup gas N2   (25 ml(STP).min
-1
) 
Oven Coolant CO2 
Temperature Program 
                            -55 
o
C, 1.50 min isothermal 
                                                at 20 
o
C.min
-1
 to 0 
o
C, 0 min isothermal 
                                                     at 14
 o
C.min
-1
 to 100 
o
C, 0 min isothermal 
                                                           at 16 
o
C.min
-1
 to 280 
o
C, 22.36 min isothermal 
Total time                                                     20 min 
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Chapter 5                  
                                                                                                                                                                                                                                                 
Characterization of the calcined model catalysts 
This chapter discusses the results observed on the characterization of the calcined model 
catalysts. 
 
5.1. Introduction
Copper has been added to iron-based FT catalysts as a reduction promoter [1,2,3,4]. However, in 
recent literature it has been observed to also influence the performance of the iron-based 
catalysts during Fischer-Tropsch synthesis. Earlier studies, conducted by Wachs et al. [5], in 
which copper- and silver- promoted iron-based catalysts were prepared by impregnation method, 
thereafter, used in the investigation of the promotional effect of copper and silver on iron-based 
FT catalysts. The results showed that copper acted as a reduction promoter, however, did not 
influence the performance of the iron-based catalysts during Fischer-Tropsch synthesis. On the 
other hand, silver did not act as a reduction promoter nor did it influence the performance of the 
iron-based catalyst during Fischer-Tropsch synthesis. These findings were attributed to the lack 
of intimate contact between the active phase (Fe) and the promoter (Cu or Ag) during the 
activation process as well as the Fischer-Tropsch synthesis. Therefore, the aim of this study is to 
gain better understanding on the promotional effect of copper and silver on the iron-based FT 
catalysts using ferrites as model catalysts. Herein, the observed characterization results of the 
calcined model catalysts are discussed. 
 
5.2. Results and discussion 
5.2.1. Experimental section 
The maghemite (γ-Fe2O3) and hematite (α-Fe2O3) samples which were used as reference 
materials for the model systems were prepared using a precipitation method.  The spinel copper 
ferrite (CuFe2O4), delaffosite copper ferrite (CuFeO2) and silver ferrite (AgFeO2) were prepared 
using a co-precipitation method. During the preparation of the spinel copper ferrite, sodium 
hydroxide (NaOH) was used as a precipitation agent instead of ammonium hydroxide (NH4OH) 
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to avoid the formation of stable ammonium copper complexes thus ensuring optimal utilization 
of copper in the formation of copper ferrite systems. 
 
The desired model catalysts (α-Fe2O3, CuFe2O4 and CuFeO2) without any trace of impurities 
were obtained by calcining the model catalyst precursors at high temperature (950 
o
C). Attempts 
to prepare CuFe2O4 and CuFeO2 by calcining at lower temperatures of 600 and 800 
o
C resulted 
in an incomplete transformation of the starting materials to the desired copper ferrite systems 
(see Appendix A1). Preparation of pure γ-Fe2O3 and AgFeO2 involved calcining the model 
catalyst precursors at low temperature (350 and 400 
o
C, respectively). Attempts to prepare γ-
Fe2O3 by calcining at higher temperature (above 500 
o
C) resulted in the formation of hematite 
(α-Fe2O3) as the final phase, while, exposure of the iron-silver precursor to higher temperature 
(above 500 
oC), resulted in the segregation of the phases to α-Fe2O3 and Ag (see Appendix A2). 
Similar results have previously been reported [6].  
 
The prepared model catalysts were characterized using atomic absorption spectroscopy (AAS), 
scanning electron microscopy - energy dispersive x-ray (SEM-EDX), x-ray diffraction (XRD), 
mössbauer absorption spectroscopy (MAS), infrared spectroscopy (IR), H2-temperature-
programmed reduction (H2-TPR) and in-situ XRD techniques. A comprehensive discussion of 
the preparation and characterization techniques used, is given in Chapter 4. 
 
5.2.2. X-ray diffraction (XRD) 
The elemental composition as determined by SEM-EDX and AAS, phase(s) present, relative 
abundances and average crystallite sizes of the model catalysts (γ-Fe2O3, α-Fe2O3, CuFe2O4, 
CuFeO2 and AgFeO2) studied using the X-ray diffraction (XRD) are shown in Table 5.1. Figure 
5.1 shows the XRD patterns of the calcined model catalysts. The experimental diffraction 
patterns of the various model catalysts were compared to their respective JCPDS database to 
confirm the formation of the desired phase. In all model catalysts successful preparation of the 
desired pure phase was observed.  
The XRD patterns of maghemite (γ-Fe2O3) and hematite (α-Fe2O3) are shown in Figure 5.1 (a) 
and (b), respectively. An XRD pattern of the prepared γ-Fe2O3 showed diffraction peaks 
corresponding to maghemite and hematite phases. The relative abundances of the two phases 
were determined using Rietveld refinement Topas and were 98.7 and 1.3 wt-%, respectively. 
The broadness of the diffraction peaks showed that γ-Fe2O3 was formed in small average 
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crystallite sizes. Maghemite (γ-Fe2O3) is known to form at low temperatures and is stable in 
small crystallite sizes [7]. The phase transformation of the iron oxides during heating has been 
well documented [8], and has been shown to proceed via equation 5.1. 
         Equation 5.1 
Figure 5.1 (b) shows narrow diffraction peaks corresponding to hematite (α-Fe2O3) phase of 
large crystallite sizes. Comparison of the diffraction peaks of the prepared α-Fe2O3 to the 
previously reported diffraction pattern for α-Fe2O3 [9,10], confirmed that pure α-Fe2O3 was 
formed.  
Annealing the iron-copper oxide precursor at high temperature (950 
o
C), resulted in the 
formation of tetragonal CuFe2O4 as the dominant phase. Similar results have been previously 
reported by Yokoyama and co-workers [11,12]. However, CuFe2O4 is known to exhibit two 
different phases, the cubic (space group: Fd3m) and tetragonal (space group: 141/amd:2 ), due to 
the temperature dependence of the formation of CuFe2O4 phases during preparation [13].  
Although the XRD peaks of CuFe2O4 in a cubic phase overlap with those of the CuFe2O4 in a 
tetragonal phase (see Figure 5.1 (c)), Topas Rietveld refinement (a powerful tool) can be used to 
get an indication of the present phases and their relative abundances. The relative abundances of 
the cubic and tetragonal phases for the prepared CuFe2O4 were 18 and 82 wt-%, respectively. 
The XRD pattern of delafossite CuFeO2 as shown in Figure 5.1 (d), confirmed the formation of a 
pure CuFeO2 in a rhombohedral structure (space group: R3m). Furthermore, the diffraction 
pattern of α-Fe2O3, CuFe2O4 and CuFeO2 showed sharp and symmetric peaks; this is indicative 
of large average crystallite sizes and high crystallinity. The observed peak shape is in accordance 
with the obtained large average crystallite sizes.  
The delaffosite silver ferrite (AgFeO2) has been reported to crystallize as either rhombohedral 
3R (space group: R3m) [14] and/or hexagonal 2H (space group: P63/mmc) [15,16] structures 
depending on the preparation conditions (see Figure 5.1(e)). Topas Rietveld refinement analysis 
showed the presence of rhombohedral and hexagonal phases in relative abundances of 75 and 15 
wt-%, respectively. The observed broad diffraction peak in the XRD pattern of AgFeO2 is 
indicative of small average crystallite sizes. The average crystallite sizes of α-Fe2O3, CuFe2O4 
and CuFeO2 as determined by Topas Rietveld refinement were in the range of 90-110 nm, while 
those of γ-Fe2O3 and AgFeO2 were 9 and 7 nm, respectively. 
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Figure 5.1: XRD patterns of (a) γ-Fe2O3, (b) α-Fe2O3, (c) CuFe2O4, (d) CuFeO2 and (e) AgFeO2  
                   after calcination 
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5.2.3. Mössbauer absorption Spectroscopy (MAS)  
The present phase(s), relative abundance and oxidation states of the compounds in the model 
catalysts (γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and AgFeO2) were determined using Mössbauer 
absorption spectroscopy. In order to obtain the most accurate Mössbauer results, the model 
catalysts were analysed at room temperature (298 K), liquid helium temperature (4.2 K) and 
liquid helium temperature (4.2 K) in an applied magnetic field of 10 T parallel to the direction of 
-rays.  
 
Figure 5.2: Mössbauer spectra γ-Fe2O3, recorded at (a) 298 K, (b) 4.2 K and (c) 4.2 K, 10 T  
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The Mössbauer spectra of the model catalysts are shown in Figures 5.2-5.6. The hyperfine 
parameters of the model catalysts are given in Table 5.2 and Table 5.3. Figure 5.2 (a), (b) and (c) 
shows the MAS spectra of γ-Fe2O3 recorded at room temperature, liquid helium temperature and 
liquid helium temperature with an applied magnetic field of 10 T, respectively. The MAS 
spectrum recorded at room temperature was fitted with a quadrupole doublet and a sextet. The 
hyperfine parameters of the sextet corresponded to α-Fe2O3, with relative abundance of 29 %, 
while, the observed doublet is ascribed to SPM species, suggesting that 71 % of the Fe is in the 
form of small crystallites sizes of less than ±10 nm (superparamagnetic). The MAS of the 
sample analysed at 4.2 K showed three well resolved sextets, two of the sextets related to Fe
3+
 
(A) and Fe
3+
 (B) of γ-Fe2O3 and other sextet was typical of α-Fe2O3. The relative abundance of 
γ-Fe2O3 and α-Fe2O3 were 70 and 30 %, respectively. The MAS spectrum obtained at 4.2 K in 
the presence of the magnetic field (10 T), showed an almost cancelation of the lines 2 and 5
1
 in 
the one sextet on the B sites while a small contribution subsists on the A sites. This is probably 
due to the presence of defects and vacancies that prevent the spins from being fully aligned with 
the applied magnetic field, which is expected in ferromagnetic materials. Similar behaviour has 
also been reported by Linderoth [17]. The obtained hyperfine parameters were related to Fe
3+
 
(A) and Fe
3+
 (B) of γ-Fe2O3 as well as Fe
3+
 of α-Fe2O3. The relative abundance of the γ-Fe2O3 
and α-Fe2O3 was 67 and 33 %, respectively. 
 
The MAS results agree well with the XRD results. The Mössbauer spectrum of α-Fe2O3, 
recorded at 298 K was fitted with a magnetic sextet. The hyperfine parameters of the fitted sextet 
are consistent with the previously reported values for α-Fe2O3 [18]. The observation of the sextet 
at room temperature suggests the existence of large average crystallite sizes of α-Fe2O3, in 
accordance with the XRD results (see in Table 5.1). 
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Figure 5.3: Mössbauer spectrum of α-Fe2O3 recorded at 298 K 
 
Copper ferrite, CuFe2O4, is unique among the spinels for two reasons. Firstly, its cation 
distribution over the non-equivalent sites is variable and strongly dependent on the temperature. 
Secondly, the presence of Cu
2+
 ions leads to severe Jahn-Teller type distortions of the sites. For 
this reason, the non-equivalent sites are more distinct than in other spinels. It is to be expected 
that due to these two facts a study of a number of copper ferrite phases at different temperatures 
might be fruitful for a more detailed analysis of the Mössbauer spectra of spinels. Therefore, the 
MAS spectra of CuFe2O4 were recorded at 298 K (a), at 4.2 K (b) and at 4.2 K in an applied 
magnetic field 10 T (c). All the spectra are fitted with two sextets. The observed magnetically 
well split spectrum at room temperature (298 K) indicates the existence of large average 
crystallite sizes in good agreement with the observed XRD results (see Table 5.1). 
 
The hyperfine parameters of the two sextets observed at different MAS analyses conditions are 
consistent with those of CuFe2O4, which correspond to the two Fe
3+
 ions present in the 
octahedral and tetrahedral sites of the CuFe2O4 structure [19,20,21,22]. The high values of the 
hyperfine induction (ßhf) observed are ascribed to the Fe
3+ 
ions in the octahedral (B) sites, while 
the low values were ascribed to Fe
3+
 ions in the tetrahedral (A) sites. This assignment is 
attributed to the stronger hyperfine interaction of A-O-C (where A = Cu and C = Fe) and the 
lower covalency of the Fe
3+
-O
=
 bond for Fe
3+
 ions in the octahedral site (B site) [23]. The 
distribution of cations over the two sites is approximately 56 % of Fe
3+
 ions on the A sites and 
44 % of Fe
3+
 ions on the B sites yielding a Fe
3+
(A)/Fe
3+
(B) ratio of 1.27, or Fe
3+
(A):Fe
3+
(B) ratio 
of 1:0.79. This value differs slightly from the stoichiometric ratio of 1:1. Non-stoichiometric 
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ratios of 1.18 [19] and 1.32 [24] have previously been reported for CuFe2O4. The ratio found in 
this study yields cation distributions for the CuFe2O4 sample: 
(Cu0.06
2+
Fe0.94
3+
)A[Cu0.96
2+
Fe1.06
3+
]BO4
 
This cation distribution together with the observed hyperfine parameters for the prepared 
CuFe2O4 agrees well with the previously reported values, which are related to the inverse spinel 
structure (tetragonal phase) [19,24]. It can thus be concluded that the prepared CuFe2O4 is in the 
tetragonal phase. 
Furthermore, the MAS spectrum recorded at 4.2 K in the presence of the applied magnetic field, 
showed an almost cancelation of the lines 2 and 5
1
 in the two sextets on the B sites while a small 
contribution subsists on the A sites. This is probably due to the presence of defects and 
vacancies that prevent the spins from being fully aligned with the applied magnetic field, which 
is expected in ferromagnetic materials. A similar behaviour has also been reported for γ-Fe2O3 
with the vacancies being located rather on the B sites [25]. The hyperfine induction (ßhf) value of 
the A sites of the sextet recorded at 4.2 K in the presence of the applied magnetic field (10 T) 
show a shrinkage as compared to those recorded in the absence of the applied magnetic field, 
which is consistent with the ferromagnetic nature of the inverse spinel structure of CuFe2O4. 
The Mössbauer spectra of CuFeO2 recorded at room temperature (298 K) and liquid helium 
temperature (4.2 K) are shown in Figure 5.5 (a) and (b), respectively. The MAS spectrum 
recorded at room temperature was fitted with a doublet. It should be noted that the existence of a 
doublet does not imply that the crystallite size is in a super-paramagnetic state (small average 
crystallite size), since the XRD results clearly showed an average crystallite size of 105 nm. The 
observed doublet is therefore, due to the fact that CuFeO2 is paramagnetic at room temperature 
and the fitted doublet is, thus, related to the high spin Fe
3+
 ions located in octahedral site (B site) 
[26]. In this case the liquid helium temperature (4.2 K) Mössbauer analysis is important to obtain 
further information on the phase(s) present and relative abundance of the CuFeO2. The spectrum 
recorded at 4.2 K was fitted with a single sextet corresponding to the high spin Fe
3+
 ions valence 
state; the spin structure of 4-Fe sublattice is totally collinear. The hyperfine parameters of the 
sextet are consistent with values previously reported for CuFeO2 [21,27].  
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Figure 5.4: Mössbauer spectra CuFe2O4, recorded at (a) 298 K, (b) 4.2 K and (c) 4.2 K in 10 T  
                     (The six lines of a sextet are numbered from the outermost left (line 1) to the outermost  
                     right (line 6))  
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Figure 5.5: Mössbauer spectra CuFeO2, recorded at (a) 298 K and (b) 4.2 K  
 
The Mössbauer spectra of AgFeO2 recorded at 298 K (a), at 4.2 K (b) and 4.2 K in an applied 
magnetic field Bapp = 10 T (c), are shown in Figure 5.6 (a), (b) and (c), respectively. The MAS 
spectrum recorded at room temperature (Figure 5.6 (a)) was fitted with a quadrupole doublet 
superposed to a sextet. Similarly, to CuFeO2, AgFeO2 is known to be paramagnetic and 
therefore, the appearance of a quadrupole doublet may be related to the high spin Fe
3+
 species, as 
well as implies that the crystallites are in a superparamagnetic state (small average crystallite 
sizes) [21], in accordance with the XRD data of AgFeO2 in which an average crystallite size of 9 
nm was reported (see Table 5.1). The hyperfine parameter of the fitted sextet corresponded to 
the previously reported parameter values for the α-Fe2O3 [18].  
 
The MAS spectra recorded at 4.2 K in the absence of an applied magnetic field (10 T) and 4.2 K 
in the presence of an applied magnetic field, shown in Figure 5.6 ((b) and (c)), were fitted with 
three sextets, respectively. The hyperfine parameters of one of the sextets corresponded to the 
parameter values of α-Fe2O3 [18], and the other two were attributed to the two structures of 
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AgFeO2, i.e, rhombohedral AgFeO2 (r) and hexagonal AgFeO2 (h). The relative abundances of 
the two sextets were 32 and 38 % for the sextet with a smaller and a larger hyperfine induction 
(Bhf), respectively. However, due to the lack of tabulated MAS parameters for the two AgFeO2 
polytypes, it was not possible to distinguish which set of the MAS parameters corresponded to 
which structure.  
 
Figure 5.6: Mössbauer spectra AgFeO2 recorded at (a) 298 K, (b) 4.2 K and (c) 4.2 K in 10 T 
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5.2.4. Infrared spectroscopy (IR)  
In all model catalysts two strong absorption bands in the range of 400-600 cm
-1
 typical for 
metal-metal and metal-oxygen bonds are observed. The IR spectra of the model catalysts are 
shown in Figure 5.7 (a-e) and absorption band wavenumbers are given in Table 5.4. The IR 
spectrum of γ-Fe2O3 showed a weak peak in the range of 400-800 cm
-1
, corresponding to Fe-O 
stretching vibration mode, which may correspond to a partial vacancy ordering in the octahedral 
positions in the maghemite inverse spinel crystal structure [28,29,30,31]. The absorption bands 
of α-Fe2O3 were seen at  1 = 461.5 and  2 = 535.1 cm
-1
, which are related to the lattice vibrations 
of the FeO6 octahedron [22,32,33].  
 
Two main broad metal oxygen bands are seen in the IR spectra of ferrites (CuFe2O4 and 
CuFeO2), The IR spectrum of CuFe2O4 showed two absorption bands at approximately  1 = 
582.9 and  2 = 419.1 cm
-1
, which correspond to the intrinsic stretching vibrations of the Fe
3+
-O
2-
 
ions in the tetrahedral and octahedral sites [34,35,36,37,38,39,40], respectively. The different 
wavenumber values of the absorption peaks for tetrahedral and octahedral complexes of 
CuFe2O4 crystals have been attributed to the different values of Fe
3+
-O
2-
 distances for tetrahedral 
and octahedral sites. The Cu
2+
 ions occupy mainly the octahedral sites, although a small fraction 
may be present in the tetrahedral sites. Accordingly, the broad tetrahedral vibration band 
accompanied with a shoulder can be attributed to the vibration of Cu
2+
-O
2-
 in tetrahedral 
complexes. On the basis of the above discussion an inverse spinel structure (tetragonal phase) 
can be assigned to the CuFe2O4, and the cation distribution is suggested to be; 
(Cuy
2+
Fe1-y
3+
)A[Cu1-2y
2+
Fe1+2y
3+
]BO4 
these results agree well with the Mössbauer results in which a similar cation distribution was 
observed. The delafossite CuFeO2 showed two bands at similar wavenumbers to those of 
CuFe2O4, a band at   1 = 595.2 cm
-1
 and at  2 = 436.9 cm
-1
. To our knowledge, there have not 
been much IR studies conducted on the delafossite systems (CuFeO2 and AgFeO2), Bassaid et 
al., observed two absorption bands with the absorption band at higher wavenumber assigned to 
the linear sites of CuO2
3-
 [41] and the absorption band at lower wavenumber related to the 
octahedral FeO6  modes. Similar absorption band assignment may be given to the IR spectrum of 
AgFeO2, with the absorption bands at higher wavenumber ascribed to the linear sites of AgO2
3-
. 
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Table 5.4: IR wavenumbers of γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and AgFeO2 
                 M = metal (Fe or Cu or Ag) 
Model catalysts Sites Band M-O
2-
 Wavenumber (cm
-1
) 
 
γ-Fe2O3 
 
Octahedral site  Fe
3+
-O
2-
 ~737 
α-Fe2O3 Octahedral site  1 
 2 
Fe
3+
-O
2- 
535.1 
461.5 
 
CuFe2O4 Tetrahedral sites (A) 
Octahedral sites (B) 
 1 
 
 2 
Fe
3+
-O
2- 
Cu
2+
-O
2-
 
Fe
3+
-O
2-
 
582.9 
 
419.1  
 
CuFeO2 Octahedral site  1 
 2 
Fe
3+
-O
2- 
Cu
+
-O
2-
  
595.2 
436.9 
 
AgFeO2 Octahedral site  1 
 2 
Fe
3+
-O
2 
Ag
1+
-O
2-
 
595.2 
436.8 
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Figure 5.7: IR spectra of (a) γ-Fe2O3, (b) α-Fe2O3, (c) CuFe2O4, (d) CuFeO2 and (e) AgFeO2 
  
5.3. Summary of the characterization results of the calcined model catalysts  
The model catalysts were successfully prepared using the precipitation and co-precipitation 
method as confirmed by the various characterization results obtained. Characterization results 
from XRD, MAS and IR of the prepared spinel CuFe2O4 revealed the co-existance of the cubic 
and tetragonal phase with the tetragonal phase being the dominant phase. Similar results were 
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observed for the deloffisite AgFeO2 which showed a co-existence of the two polytypes 
(rhombohedral and hexagonal crystal structure). However, it was difficult to distinguish between 
the two polytypes using MAS as well as XRD which was attributed to the small average 
crystallite size, thus limiting the detectability of the phases using the XRD analysis. 
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Chapter 6  
 
Effect of promoter on iron catalysts during H2 and CO activation  
 
This chapter is aimed at providing the reader with a better understanding on the reduction 
behavior, phase transformation as well as change in crystallite sizes of model catalysts during 
hydrogen (H2) and carbon monoxide (CO) activation. In-situ experiments were conducted so as 
to gain better understanding on the phase transformation as well as change in average 
crystallite sizes. 
 
6.1. Introduction 
Prior to the Fischer-Tropsch synthesis, FT catalysts are subjected to activation treatment, whose 
purpose is to bring the catalysts to an active form for Fischer-Tropsch synthesis. The common 
activation gases employed in iron catalysts are H2 [1,2], CO [3,4] or H2/CO [5,6]. The extent of 
reduction is dependent on the activation temperature, duration of the activation experiment as 
well as the type of promoters added to the iron catalysts [3,7,8,9]. Industrial iron-based FT 
catalysts are promoted with copper to assist in the reduction of the iron catalysts during 
activation [10,11,12,13]. Copper acts as a reduction promoter during H2 activation [14,15,16,17]. 
However, very little is known on the influence that metals (i.e., silver) in the same group as 
copper (in the periodic table) have on the reduction behaviour of the iron-based FT catalysts. 
Wachs et al. [18] studied the promotional effect of silver on an iron-based FT catalyst. They 
showed that silver did not act as a reduction promoter for the iron-based FT catalyst. This was 
attributed to the lack of intimate contact between Ag and Fe during the activation process. Since 
then no further study has been conducted on silver as a promoter for iron-based FT catalysts. 
Therefore, the aim of this present study is to gain better understanding on the promotional effect 
of copper and silver on the iron-based FT catalysts during H2 and CO activation using the copper 
ferrites (CuFe2O4, CuFeO2) and silver ferrite (AgFeO2) as model catalysts.  
 
The reduction behaviour, phase transformation and changes in the average crystallite sizes, were 
evaluated during and post H2 and CO activation. These changes were subsequently compared to 
the bulk iron oxide (γ-Fe2O3 and α-Fe2O3). In an attempt to eliminate effects due to the 
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crystallite size, α-Fe2O3 (110 nm) was used as a reference material for copper incorporated iron 
catalysts (CuFe2O4 (90 nm), CuFeO2 (106 nm)) and γ-Fe2O3 (9 nm) was used as a reference 
material for silver incorporated iron catalyst (AgFeO2 (7 nm)). The activation of the model 
catalysts was characterized using H2-Temperature-Programmed Reduction (H2-TPR), ex-situ 
activation in a slurry reactor, Mössbauer absorption spectroscopy (MAS) and in-situ X-ray 
diffraction (XRD). The relative abundances of the α-Fe and FexC were taken as measures of the 
extent of reduction for H2 and CO activated samples, respectively. To note: the ex- and in-situ 
activated model catalysts were characterized using X-ray diffraction (XRD) and only the ex-situ 
model catalysts were characterized using Mössbauer absorption spectroscopy (MAS).  
 
The major challenge with ex-situ characterization techniques is correlating the data to the 
Fischer-Tropsch activity and selectivity. Usually, numerous samples, at different times on 
stream, are required to formulate a plausible correlation to the Fischer-Tropsch synthesis 
performance of the catalyst. The general trend in literature is therefore to use in-situ methods. 
The benefit of using in-situ characterization as opposed to ex-situ is that an in-situ technique at 
realistic reaction conditions will provide more trustworthy results than the traditional ex-situ 
methods. In-situ measurements provide a deeper insight into the catalyst solid state system under 
operating conditions, thereby, providing valuable information on the structure of the bulk phase 
and its stability. For such an investigation, a set-up is used in which X-ray diffraction (XRD) 
measurements are taken from catalyst samples operated at close to real conditions in a miniature 
(small) reactor. 
 
6.2. Mechanism of H2-activation based on in-situ XRD 
During H2 activation the iron catalyst reduces from Fe2O3 to α-Fe [1,2]. The pathway of Fe2O3 
reduction can be essentially different, involving a two-step (Fe2O3 → Fe3O4 → α-Fe) [19,20,21] 
or a three-step (Fe2O3 → Fe3O4 → FeO → α-Fe) mechanism [22,23,24]. The metastable FeO 
phase can be stabilized on the support surface or with doping agents [25]. Depending on the 
extent of reduction either α-Fe or α-Fe and Fe3O4 or α-Fe, Fe3O4 and FeO may co-exist after H2 
activation. However, to gain better understanding on the phase transition and change in the 
average crystallite sizes during H2 activation, in-situ XRD studies were conducted on the X-ray 
diffraction (XRD) instrument using a Bruker D8 Advanced X-ray diffractometer, mimicking 
typical Fischer-Tropsch activation conditions. The model catalyst (0.60 g) was loaded onto an 
sample holder into the in-situ XRD chamber; a reducing gas of 60 ml(STP).min
-1
 was flowed 
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through the sample. The sample was heated up from 60 to 270 
o
C at a heating rate of 1 
o
C.min
-1
; 
once at 270 
o
C, the temperature was held there for 16 hours. The XRD data was acquired 
throughout the activation experiment. Detailed activation conditions are discussed in Chapter 4 
(section 4.4.6).  
 
The reduction behaviour during in-situ H2 activation of γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and 
AgFeO2 are shown in Figure 6.1, 6.2, 6.3, 6.4 and 6.5, respectively. The reduction mechanism, 
temperature (
o
C), time (min) at which the respective phase transformation occurs as well as 
relative abundances of the phase(s) present after H2 activation are given in Table 6.1. Figure 6.1 
(a) shows the 3D view of the diffraction pattern of γ-Fe2O3 during H2 activation, while (b) shows 
the phase transformation of γ-Fe2O3 during H2 activation. The initial appearance of diffraction 
peaks corresponding to Fe3O4 at 270 
o
C (393 minutes) confirmed the start of the first reduction 
step attributed to γ-Fe2O3 → Fe3O4. The second reduction step ascribed to Fe3O4 → α-Fe, was 
confirmed by the appearance of the diffraction peaks corresponding to α-Fe at 270 oC (530 
minutes). The phases present after activation was Fe3O4 and α-Fe, with relative abundances of 
46 and 54 mol-%, respectively. The growth in the average crystallite size of the phases as a 
function of time is shown in Figure 6.1 (c). A gradual increase in the average crystallite sizes of 
the Fe3O4 and α-Fe of up to ~25 and 44 nm, respectively, was observed.  
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Figure 6.1: Phase analysis of γ-Fe2O3 during H2-activation using in-situ XRD: (a) diffraction  
                    pattern, 3D view, (b) phase transformation of γ-Fe2O3 and (c) evolution of the  
                    average crystallite size (nm) during H2-activation as a function of time (min) 
 
Figure 6.2 shows the reduction behaviour during H2 activation of α-Fe2O3. The phase 
transformation of α-Fe2O3 → Fe3O4 and Fe3O4 → α-Fe was confirmed by the initial appearance 
of diffraction peaks corresponding to Fe3O4 and α-Fe observed at 270 
o
C (438 minutes) as 
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shown in Figure 6.2 (a). Simultaneous reduction process of α-Fe2O3 → Fe3O4 → α-Fe postulated 
from the H2-TPR results is confirmed by the occurrence of the phase transformation of α-Fe2O3 
→ Fe3O4 and Fe3O4 → α-Fe at the same temperature and time. The phase(s) present after H2 
activation were α-Fe2O3, Fe3O4 and α-Fe, with relative abundances of 2, 59 and 39 mol-%. 
Figure 6.2 (b), shows the evolution of the average crystallite size during H2 activation. The 
average crystallite size of α-Fe2O3, Fe3O4 and α-Fe after H2 activation was 78, 40 and 44 nm, 
respectively. A decrease in the average crystallite size of α-Fe2O3 was observed with time on 
stream (min), while the average crystallite size of Fe3O4 and α-Fe remained more or less the 
same (~40 nm). Furthermore, the on-set of the reduction of γ-Fe2O3 is only at a slightly lower 
temperature (260 
o
C) than the on-set of the reduction of α-Fe2O3 (270 
o
C). The minimal effect of 
the crystallite size on the reduction of iron(III)oxide implies that the reduction process is not 
dominated by bulk properties of the material, but rather by a surface phenomenon e.g., the 
hydrogen activation on the surface of the oxide. 
 
 
Figure 6.2: Phase analysis of α-Fe2O3 during H2 activation using in-situ XRD: (a) phase  
                   transformation of α-Fe2O3 and (b) evolution of the average crystallite size (nm)  
                   during H2-activation as a function of time (min) 
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The phase transformations as well as the average crystallite sizes of CuFe2O4 and CuFeO2 
during H2 activation are shown in Figure 6.3 and 6.4, respectively. The reduction process 
occurred in a two-step reduction process; the first step corresponding to the decomposition of the 
copper ferrites to Cu and Fe3O4. This was confirmed by the appearance of diffraction peaks 
corresponding to Cu and Fe3O4 observed at 170 
o
C for CuFe2O4 (Figure 6.3 (a)) and 245 
o
C for 
CuFeO2 (Figure 6.4 (a)). The initial appearance of diffraction peaks typical of α-Fe deemed the 
start of the second reduction step ascribed to Fe3O4 → α-Fe  was observed at 270 
o
C (438 
minutes) for CuFe2O4 and 270 
o
C (393 minutes) for CuFeO2. The on-set of the reductive 
decomposition for CuFe2O4 and CuFeO2 occurs at a slightly lower temperature than the 
reduction of γ-Fe2O3 with a similar size. Furthermore, a faster rate of reduction for the first 
reduction step (copper ferrite → Cu + Fe3O4) was observed in spinel CuFe2O4 as compared to 
the delafossite CuFeO2. 
  
These results may be related to the relative structural stability of delafossite. The phases present 
after H2 activation were Fe3O4, α-Fe and Cu, with a normalized relative abundance of 11, 58 and 
31 mol-%, respectively. After H2 activation the CuFeO2 sample showed diffraction peaks 
corresponding to α-Fe and Cu with relative abundance were 51 and 49 mol-%, respectively. This 
results are in accordance with previously reported results which showed that an increase in 
copper loadings on iron-based catalysts, enhanced reduction to metallic phases [26,27]. 
Moreover, metallic copper content in CuFe2O4 and CuFeO2 after H2 activation was 31 and 49 
mol-%, respectively.   
 
The change in the average crystallite sizes as a function of time during H2 activation is shown in 
Figure 6.3 (b) and 6.4 (b) for CuFe2O4 and CuFeO2, respectively. The spinel CuFe2O4 showed an 
increase in crystallite size of Fe3O4 until 48 nm, and thereafter, decreased to 34 nm. On the other 
hand, the average crystallite size of α-Fe showed gradual increase up to 37 nm. The average 
crystallite size of Cu showed a gradual increase to 21 nm, and thereafter stabilized. The 
stabilization of the average crystallite sizes of Cu after 400 minutes may be attributed to minimal 
or no water vapour formation during reduction which may promote sintering. Change in the 
average crystallite size during H2 activation of CuFeO2 is shown in Figure 6.4 (b). CuFeO2 
results showed a similar trend to those of the observed CuFe2O4, a gradual increase in the 
average crystallite size of Fe3O4 up to 48 nm was observed, while the average crystallite sizes of 
the α-Fe and Cu stabilized at ~38 and 32 nm, respectively. Incorporation of copper in iron oxide 
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seemed to assist in the reduction of the average crystallite size of the α-Fe after H2 activation as 
compared to the observed average crystallite of α-Fe (45 nm) in the un-promoted iron oxide. 
Similar results have been reported by Cairns [27]. 
 
 
Figure 6.3: Phase analysis of CuFe2O4 during H2 activation using in-situ XRD: (a) phase  
                       transformation of CuFe2O4 and (b) evolution of the average crystallite size (nm)  
                     during H2-activation as a function of time (min)  
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Figure 6.4: Phase analysis of CuFeO2 during H2 activation using in-situ XRD: (a) phase  
                   transformation of CuFeO2 and (b) evolution of the average crystallite size (nm)  
                   during H2-activation as a function of time (min) 
 
The phase transformation and average crystallite size during H2 activation of the incorporation 
silver in the iron oxide (AgFeO2) is shown in Figure 6.5 (a) and (b), respectively. The reduction 
of AgFeO2 occurred via a two-step reduction process; the first reduction step was ascribed to the 
decomposition of AgFeO2 to Ag and Fe3O4 and was confirmed by the appearance of diffraction 
peaks corresponding to Ag and Fe3O4 at a temperature as low as ~80 
o
C. The reductive 
decomposition of silver ferrite starts at very low temperature, which cannot solely be attributed 
to the small average crystallite size of this material, since the reduction of maghemite (9 nm) 
starts at only slightly lower temperatures than the reduction of hematite (110 nm). Hence, the 
ease of reduction must be attributed to either the structural instability of this phase in hydrogen 
or the ability of this material to activate hydrogen. The initial appearance of diffraction peaks 
corresponding to α-Fe at 270 oC (393 minutes) deemed the start of the second reduction step, 
which was attributed to the phase transformation of Fe3O4 → α-Fe. The phases present after H2 
activation were α-Fe and Ag, constituting 62 and 38 mol-%, respectively. The change in the 
average crystallite sizes of the present phases are shown in Figure 6.5 (b).  Average crystallite 
sizes of 57 and 25 nm were observed for α-Fe and Ag, respectively.  
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Figure 6.5: Phase analysis of AgFeO2 during H2 activation using in-situ XRD: (a) phase  
                           transformation of AgFeO2 and (b) evolution of the average crystallite size (nm)  
                           during H2 activation as a function of time (min) 
 
The in-situ H2 activation study of all the promoted model catalysts seems to indicate that copper 
and silver facilitates the second step reduction process (Fe3O4 to α-Fe). The formation of α-Fe 
took place for all the model catalysts under essentially isothermal conditions at 270 
o
C. Figure 
6.6 shows the rate of formation of α-Fe as a function of the amount of iron present as Fe3O4. The 
rate of reduction of Fe3O4 in the sample ex maghemite is virtually indistinguishable from the rate 
in the sample ex hematite. This is not surprising seeing the similarity in the average crystallite 
size of magnetite in these samples (23-32 nm for the sample γ-Fe2O3 (ex) and 30-38 nm for the 
α-Fe2O3 (ex)). The rate of formation of α-Fe from Fe3O4 was previously described using a 
random nucleation model [28,29,30,31]. However, close inspection of the dependency of the rate 
of α-Fe formation as a function of the amount of Fe present as Fe3O4 shows a positive deviation 
from this model at a high content of α-Fe as Fe3O4, i.e., the rate of reduction is faster than 
predicted by this model when a large amount of Fe is present as Fe3O4. These observations may 
be attributed to hydrogen spill-over from metallic copper and silver to the magnetite phase when 
in close proximity [32]. 
 
45
90
135
180
225
270
0
20
40
60
80
100
0 400 800 1200
T
em
p
er
at
u
re
 (
o
C
)
R
el
at
iv
e 
ab
u
n
d
an
ce
 (
m
o
l-
%
)
Time (min)
45
90
135
180
225
270
0
20
40
60
80
100
0 400 800 1200
T
em
p
er
at
u
re
 (
o
C
)
C
ry
st
al
li
te
 s
iz
es
 (
n
m
)
Time (min)
AgFeO2
Fe3O4
α-Fe
Temp
Ag
(a) (b) 
                                                                                                                                           Chapter 6 
 
101 
 
 
Figure 6.6: Rate of α-Fe formation during in-situ H2 activation at 270 
o
C as a function of the Fe  
                   present as Fe3O4 (solid lines represent model fit to a three dimensional nucleation  
                   model)  
 
6.2.1. H2-Temperature programmed reduction (H2-TPR) 
H2-Temperature programmed reduction (H2-TPR) was used to study the reduction behaviour of 
the model catalysts under H2 atmosphere. The H2-TPR profiles of model catalysts are shown in 
Figure 6.7. The H2-TPR profile of α-Fe2O3 showed numerous unresolved reduction peaks, 
attributed to the large average crystallite size (110 nm), which may be assigned to the 
simultaneous reduction of α-Fe2O3 → Fe3O4 → FeO → α-Fe. The temperature maxima of the 
reduction peaks ranged from 450 to 950 
o
C. These results are in accordance with the results 
observed during the in-situ XRD activation, in which a simultaneous reduction of α-Fe2O3 to α-
Fe was observed. 
Two distinctive reduction peaks were observed for the spinel copper ferrite (CuFe2O4). The first 
reduction peak appearing at 327 
o
C was attributed to the reduction of CuFe2O4 to Cu and Fe3O4, 
and a similar reduction process has been reported by Faungnawakij et al. [33]. The second 
reduction peak appearing at 585 
o
C was attributed to the reduction of Fe3O4 to α-Fe [34,35,36]. 
The reduction of delafossite CuFeO2 occurred in a three reduction step process, confirmed by the 
appearance of three distinctive reduction peaks at 374, 526 and 833 
o
C.  
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Figure 6.7: H2-TPR profiles of the model catalysts 
The first reduction peak appearing at lower temperature was attributed to the reduction of 
CuFeO2 to Cu and Fe3O4, the second reduction peak was attributed to the reduction of Fe3O4 to 
α-Fe [37] and the third shoulder reduction peak was ascribed to the reduction of FeO to α-Fe, 
FeO has been reported to be stable at temperatures >600 
o
C [38,39,40,41]. Similarly, Maiti et al. 
[42] noted the formation of FeO as an intermediate phase during the reduction of the co-
precipitated mixed oxides and suggested that the stability of the FeO phase results was due to 
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incorporation of an appreciable amount of Mn
2+
 ions into the lattice. The H2-TPR profile of the 
Cu incorporated iron oxide systems (CuFe2O4 and CuFeO2) compared to α-Fe2O3, showed that 
the presence of Cu shifted the first reduction peak temperature maximum towards lower 
temperature implying greater ease of reduction. This is known to occur through the initial facile 
reduction of copper oxide to copper at lower temperature [43], which is then able to assist in the 
hydrogen dissociation thus providing a source of atomic hydrogen to assist in the reduction of 
the iron oxide to metallic iron at relatively lower temperatures [11,10], a type of hydrogen spill-
over. Similar results have previously been reported [44,13,45,46,47,48].  
Two reduction peaks were observed in the H2-TPR profile of maghemite (γ-Fe2O3). The first 
reduction peak appearing at 232 
o
C was attributed to the reduction of γ-Fe2O3 → Fe3O4. The 
second reduction peak appearing at 528 
o
C was attributed to the reduction of Fe3O4 → α-Fe [49]. 
Comparison of the reduction behaviour of α-Fe2O3 (110 nm) and γ-Fe2O3 (9 nm), revealed that 
average crystallite size played a role in the reduction behaviour of the model catalyst. The small 
average crystallite size sample (γ-Fe2O3) showed better reducibility than the sample with large 
average crystallite size (α-Fe2O3) [50]. The reduction of AgFeO2 occurred in a two-step 
reduction process, confirmed by the appearance of the two distinctive reduction peaks in the H2-
TPR profile. The first reduction peak appearing at 124 
o
C was ascribed to the reduction of 
AgFeO2 to Ag and Fe3O4 and the second reduction peak appearing at 535 
o
C was ascribed to the 
reduction of Fe3O4 to α-Fe. The silver incorporated iron oxide (AgFeO2) showed ease of 
reducibility as compared to γ-Fe2O3, the first reduction peak of AgFeO2 appear at lower 
temperature than that of γ-Fe2O3. From these results it was concluded that silver in intimate 
contact with iron enhances the reducibility of the iron catalyst, and thus acts as a reduction 
promoter. The importance of the intimate contact between the iron oxide and the promoter (i.e 
copper) is further shown in Figure B.1 (Appendix B). The H2-TPR result of the physically mixed 
CuO and α-Fe2O3 sample is compared to those observed for the pure CuO and α-Fe2O3. The H2-
TPR profile of the physically mixed CuO and α-Fe2O3 shows similar reduction behaviour to the 
TPR profile of pure CuO and α-Fe2O3. No shift in the reduction peak temperatures of the 
physically mixed CuO and α-Fe2O3 sample were observed as compared to that of CuO and α-
Fe2O3. 
 
6.3. Mechanism of CO activation based on in-situ XRD 
Carbon monoxide (CO) activation of iron-based catalysts has been reported to occur through the 
reduction and/or carburization of Fe2O3 to FexC via Fe3O4 [51]. A number of study have shown 
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similar phase transformation using Temperature-Programmed EXAFS/XANES characterization 
technique [52]. Carburization has been defined as the transformation of an iron oxide to iron 
carbide during CO activation and/or Fischer-Tropsch synthesis.  
Depending on the activation conditions as well as the presence of promoters, a number of iron 
carbides may be formed; these include the hexagonal – O-carbides (έ-Fe2.2C, ε-Fe2C) and 
trigonal prismatic – TP-carbides (Fe7C3, χ-Fe5C2, and θ-Fe3C) [53]. 
The reduction behaviour of γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and AgFeO2 during the CO 
activation is shown in Figure 6.8, 6.9, 6.10, 6.11 and 6.12, respectively. Table 6.2 shows the 
relative abundances of the phases present and the average crystallite sizes post CO activation. 
The XRD pattern of the CO activated γ-Fe2O3 is shown in Figure 6.8. The appearance of initial 
diffraction peaks corresponding to Fe3O4 at 170 
o
C confirmed the phase transformation of γ-
Fe2O3 → Fe3O4. Diffraction peaks corresponding to FeO at 245 
o
C deemed the start of the 
subsequent reduction step which was attributed to Fe3O4 → FeO transition. As the diffraction 
peaks of FeO disappeared, diffraction peaks corresponding to χ-Fe5C2, θ-Fe3C, ε-carbide and 
Fe7C3 appeared at 270 
o
C (438 minutes), as shown in Figure 5.8 (a) and (b). A further phase 
transformation to Fe7C3 was observed at 270 
o
C (530 minutes). The phases present after CO 
activation were Fe3O4, χ-Fe5C2, θ-Fe3C, ε-carbide and Fe7C3 with relative abundances of 9, 52, 
21, 1 and 17 mol-%, respectively. The changes in the average crystallite size of the phases 
during the progression of CO activation are shown in Figure 6.8 (c). The average crystallite sizes 
of the phases present after CO activation were 26, 16, 11, 17 and 17 nm, for Fe3O4, χ-Fe5C2, θ-
Fe3C, ɛ-carbide and Fe7C3, respectively. 
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Figure 6.8: Phase analysis of γ-Fe2O3 during CO activation using in-situ XRD: (a) diffraction  
                   pattern, 3D view,  (b) phase transformation of γ-Fe2O3 and (c) evolution of the  
                   average crystallite size (nm) during CO activation as a function of time (min) 
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The phase transformation of α-Fe2O3 during CO activation is shown in Figure 6.9. The first 
reduction step attributed to α-Fe2O3 → Fe3O4 was confirmed by the initial appearance of 
diffraction peaks corresponding to Fe3O4 at 270 
o
C (393 minutes) as shown in Figure 6.9 (b) 
[54,55]. The subsequent reduction step attributed to the carburization of Fe3O4 observed at 
270
o
C (530 minutes), was confirmed by the appearance of the diffraction peaks corresponding to 
χ-Fe5C2. The phases present after CO activation was Fe3O4 and χ-Fe5C2, with relative 
abundances of 15 and 85 mol-%, respectively. The final average crystallite sizes of Fe3O4 and χ-
Fe5C2 were 28 and 10 nm, respectively (Figure 6.9 (b)). The initial reduction of α-Fe2O3 to 
magnetite during CO activation results in the formation of magnetite crystalline domains with a 
size similar to the size obtained with H2-activation (~31 nm), but in contrast to H2-activation do 
not grow (possibly due to the lack of water in case of CO activation, which may accelerate the 
sintering process [56,57]. The carburization of Fe3O4 (ex-hematite), results in the cleavage of 
small χ-Fe5C2 crystallites (~10 nm) due to the difference in the skeletal density [58]. 
 
 
Figure 6.9: Phase analysis of α-Fe2O3 during CO activation using in-situ XRD: (a) phase  
                   transformation of α-Fe2O3 and (b) evolution of the average crystallite size (nm)  
                   during CO activation as a function of time (min) 
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peaks at 245 
o
C and the initial appearance of diffraction peaks corresponding to χ-Fe5C2, θ-Fe3C 
and ε-carbide at 270 oC (438 minutes), deemed the start of carburization of Fe3O4. 
 
Figure 6.10: Phase analysis of CuFe2O4 during CO activation using in-situ XRD: (a) phase                                
                      transformation of CuFe2O4 and (b) evolution of the average crystallite size (nm)  
                     during CO activation as a function of time (min) 
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this process. The subsequent reduction step Fe3O4 → χ-Fe5C2 was confirmed by the appearance 
of diffraction peaks corresponding to χ-Fe5C2 which were observed at the same temperature and 
time as the previous step (Figure 6.11 (a)). As the activation experiment progressed diffraction 
peaks corresponding to θ-Fe3C appeared at 270 
o
C (903 minutes), suggestive of the 
transformation of χ-Fe5C2 → θ-Fe3C. De Smit et al. [36] pointed out that the transformation 
between the carbide phases is dependent on the chemical potential of carbon imposed by the 
surrounding gas environment. The chemical potential of carbon imposed by the gas environment 
changes during CO activation, since the amount of CO2 formed varies. It might be concluded 
that the initially formed χ-Fe5C2 is transformed into θ-Fe3C and ɛ-carbide due to the lowering of 
the chemical potential of carbon (induced by the conversion of CO into CO2 at this stage) [32]. 
Towards the end of the CO activation step, the chemical potential of carbon increases favouring 
the re-formation of χ-Fe5C2. Similar iron carbide phase transformations were reported by 
Sirimanothan et al. [59]. The phases present after CO activation were Fe3O4, χ-Fe5C2, θ-Fe3C 
and Cu. The normalized relative abundance of Fe3O4, χ-Fe5C2, θ-Fe3C and Cu were 4, 43, 7 and 
46 mol-%, respectively. The average crystallite sizes of Fe3O4, χ-Fe5C2, θ-Fe3C and Cu were 17, 
5, 13 and 22 nm, respectively.   
 
 
Figure 6.11: Phase analysis of CuFeO2 during CO activation using in-situ XRD: (a) phase    
                      transformation of CuFeO2 and (b) evolution of the average crystallite size (nm)  
                      during CO activation as a function of time (min) 
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Figure 6.12 shows the reduction behaviour of AgFeO2 during CO activation. The initial 
reduction step is attributed to the simultaneous decomposition of AgFeO2 to Ag and Fe3O4, and 
the reduction of Fe3O4 → χ-Fe5C2. The reduction steps were confirmed by the initial appearance 
of diffraction peaks corresponding to Ag, Fe3O4 and χ-Fe5C2 observed at 95 
o
C (Figure 6.12 (a)). 
The subsequent reduction step was attributed to the phase transformation to θ-Fe3C 170
o
C, 
confirmed by the initial appearance of diffraction peaks corresponding to θ-Fe3C. Diffraction 
peaks corresponding to ε-carbide appeared at 270 oC (349 minutes). The phases present after CO 
activation were Fe3O4, χ-Fe5C2, θ-Fe3C, ε-carbide and Ag with normalized relative abundances 
of 13, 40, 26, 1 and 21 mol-%, respectively. The average crystallite sizes of Fe3O4, χ-Fe5C2, θ-
Fe3C, ε-carbide and Ag were 19, 11, 11, 9 and 14 nm, respectively. 
 
 
Figure 6.12: Phase analysis of AgFeO2 during CO activation using in-situ XRD: (a) phase  
                       transformation of AgFeO2 and (b) evolution of the average crystallite size (nm)  
                      during CO activation as a function of time (min) 
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strongly influenced by the presence of metallic copper or silver in its vicinity as shown in Figure 
6.13. The rate of formation of iron carbide in the CO-activated sample ex hematite, α-Fe2O3, as a 
function of the fraction of Fe present as Fe3O4 can be modelled as a 1
st
 order reaction (reaction 
order 1.03 ± 0.43; rate constant (0.29 ± 0.10).10
-2
 min
-1
). The data points for the promoted iron 
catalysts do not deviate much from the obtained correlation for the transformation of magnetite 
to iron carbide for the un-promoted iron catalysts, except for the data points representing the 
initial conversion of magnetite ex spinel copper ferrite, CuFe2O4. This suggests that spill-over of 
carbon monoxide to magnetite is kinetically not relevant for its carburization. In general, the rate 
of spill-over, i.e., the rate of transport, is controlled by the surface diffusion of the adsorbed 
species and the driving force to move onto the surface of the other phase. The mobility of CO 
and H on Cu(111) is similar [60]. The driving force to spill-over onto the other phase is for 
atomic H higher (based on DFT-calculations [61,62]) larger than for CO (based on comparison 
of CO-TPD from Cu(111) [63] and from Fe3O4(111) [64]), since the difference in the strength of 
adsorption of H on these two phases is less than the difference in the strength of adsorption of 
CO on these phases.  
 
 
Figure 6.13: Rate of iron carbide (predominantly χ-Fe5C2) formation during in-situ CO  
                      activation at 270 
o
C as a function of the Fe present as Fe3O4 (solid lines represent  
                      model fit to a first order rate with respect to the fraction of Fe present as Fe3O4 for  
                      the sample hematite) 
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The importance of the role of spill-over is however not only determined by the mobility of the 
species and the driving force for spill-over to the other phase, but also by the rate of its 
competing reaction, viz. the direct activation of the species on the other phase. The activated H2-
chemisorption on Fe3O4 can be expected to be more difficult than on Cu(111), due to its surface 
geometry [
65
42], whereas chemisorption of CO is expected to be non-activated on these surfaces. 
Hence, hydrogen spill-over may become important, because it competes with the relatively slow 
dissociative H2-chemisorption on the oxide. It should be further realized that the effect of spill-
over can only be observed if the arrival of the reducing agent at the reactive site is controlling 
the rate of activation. Furthermore, a thorough kinetic comparison of the rate of carburization of 
the sample ex silver ferrite is not possible, since the carburization takes place mainly at 
temperatures lower than 270 
o
C. However, the low rate of carburization obtained at 270 
o
C 
indicates that silver, just like copper, does not facilitate the carburization of magnetite. 
 
6.4. Characterization of ex-situ activated samples  
Model calcined catalyst precursor (5.00 g) was added to molten wax in a slurry reactor, while 
increasing temperature to 270 
o
C at a heating rate of 1 
o
C.min
-1
, under argon flow, at a pressure 
of 1 bar. Once the reactor temperature was at 270 
o
C and atmospheric pressure, the argon gas 
flow was switched to the reducing gas at a flow rate of 500 ml (STP).min
-1
. The activation 
experiment was carried out for 16 hours. Detailed activation conditions are included in Chapter 4 
(Section 4.4.6). The activated model catalysts embedded in wax were characterized using X-ray 
diffraction (XRD) and Mössbauer absorption spectroscopy (MAS). The specific iron phase 
content (determined by XRD) present after activation of the promoted model catalysts was 
normalized to the total iron content in the activated catalyst. 
 
6.4.1. H2-activation studies 
6.4.1.1. X-ray diffraction (XRD) 
The XRD patterns of the H2 activated γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and AgFeO2 are 
shown in Figure 6.14 (a), (b), (c), (d) and (e), respectively. The relative abundance (mol-%) of 
the phases present as well as the average crystallite sizes (nm) are given in Table 6.1. The H2 
activated γ-Fe2O3, showed diffraction peaks corresponding to Fe3O4 and α-Fe, with normalized 
relative abundances of 77 and 23 mol-%, respectively. The iron phases present after the H2 
activation of α-Fe2O3 were α-Fe2O3, Fe3O4, FeO and α-Fe with relative abundances of 58, 18, 20 
and 4 mol-%, respectively. The presence of the starting material (α-Fe2O3) and the low α-Fe 
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content clearly shows the difficulty in the reducibility of α-Fe2O3 which may be attributed to the 
large crystallite size. These results are in accordance with the results observed in H2 in-situ XRD 
as well as the H2-TPR analysis. The H2 activated CuFe2O4 showed diffraction peaks 
corresponding to Fe3O4, α-Fe and Cu. The normalized relative abundances of Fe3O4, α-Fe and 
Cu were 30, 42 and 28 mol-%, respectively. The present phases Fe3O4, α-Fe and Cu showed 
average crystallite sizes of 23, 23 and 15 nm, respectively. The diffraction peaks observed after 
H2 activation of CuFeO2 corresponded to Fe3O4, α-Fe and Cu with relative abundance of 2, 50 
and 48 mol-%, respectively. The average crystallite size of Fe3O4, α-Fe and Cu were 12, 21 and 
20 nm, respectively. The high α-Fe content obtained in the H2 activated copper incorporated iron 
oxide systems as compared to α-Fe2O3 confirmed the ease of reduction of the iron oxide in the 
presence of copper, as reported by de Smit [66].  
The XRD pattern of the activated AgFeO2 showed diffraction peaks corresponding to Fe3O4, α-
Fe and Ag. The normalized relative abundance of Fe3O4, α-Fe and Ag were 12, 54 and 34 mol-
%, respectively. The average crystallite sizes of Fe3O4, α-Fe and Ag, were 23, 18 and 11 nm, 
respectively. The relative abundance of Ag was less than the expected theoretical value. The 
deviance in the experimental value versus the theoretical value may be attributed to the 
instrumental (XRD) average crystallite size limitations as observed in the copper incorporated 
iron oxide systems. Comparison of the α-Fe content in the H2 activated AgFeO2 and γ-Fe2O3, 
showed that the presence of silver resulted in a higher α-Fe content, confirming that the presence 
of Ag assists in the reduction of iron oxide; hence Ag acts as a reduction promoter during H2 
activation. Furthermore, the average crystallite size of α-Fe was smaller for the promoted iron 
catalysts as compared to the un-promoted iron catalysts, as shown in Table 6.1, suggesting that 
the presence of a promoter reduces the average crystallite size of α-Fe. Similar results have 
shown that the presence of copper increases the rate of reduction of the iron oxide component in 
iron-based catalyst, thus leads to smaller crystallite sizes [27,44].  
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Figure 6.14: XRD pattern of the samples after ex-situ H2 activation at 270 
o
C for 16 hrs: (a) α- 
                     Fe2O3 (b) CuFe2O4, (c) CuFeO2 (d) γ-Fe2O3 and (e) AgFeO2 
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Table 6.1: Physio-chemical characteristics of the wax embedded model catalyst after activation  
                in H2 at 270 
o
C for 16 hrs in a slurry reactor 
Sample  γ-Fe2O3  α-Fe2O3  CuFe2O4  CuFeO2  AgFeO2  
Phases
a
 Fe2O3  58 (86)    
 Fe3O4 77 (39) 18 (32) 30 (23) 2 (12) 12 (23) 
 FeO  20 (5)    
 α-Fe 23 (32) 4 (67) 42 (23) 50 (21) 54 (18) 
 Cu/Ag   28 (15) 48 (20) 34 (11) 
Fe/Me
b
, mol/mol    2.50 1.08 1.93 
  where: Me = Cu or Ag 
a
 phase composition in mol-% Me (in brackets the average crystallite size in nm) as determined     
  using using Rietveld refinement of XRD-pattern;  
b
 molar ratio of copper in the metal phase relative to iron in the detected iron phases as  
  determined using Rietveld refinement of XRD-pattern. 
 
6.4.1.2. Mössbauer absorption spectroscopy (MAS) 
The Mössbauer absorption spectra of H2 activated γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and 
AgFeO2 are shown in Figure 6.15, 6.16, 6.17 (a) and (b) and 6.18, respectively. The MAS 
hyperfine parameters of all model catalysts are given in Table 6.2 and 6.3, with δ – isomer shift, 
∆ - quadrupole splitting, ßhf – hyperfine induction, A – relative area. 
The MAS spectrum of the H2 activated γ-Fe2O3 (Figure 6.15) was fitted with three sextets 
superimposed to a quadrupole doublet. The hyperfine parameters corresponded to Fe3O4 (two 
sextets) and α-Fe (single sextet). The quadrupole doublet has hyperfine parameters consistent 
with Fe
3+
 SPM. The relative abundances of Fe3O4, α-Fe and Fe
3+
 SPM are 80, 18 and 2 %, 
respectively. Similarly, to α-Fe2O3 results, the MAS results of γ-Fe2O3 were less than those 
observed in the XRD results. From the observed results it can be concluded that un-promoted 
iron oxide tends to re-oxidise to a larger extent as compared to the promoted catalysts. 
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Figure 6.15: Mössbauer spectrum of γ-Fe2O3 (recorded at 298 K) after activation in H2 at 270 
o
C  
                     for 16 hrs 
  
The MAS spectrum of the H2 activated α-Fe2O3 (Figure 6.16), was fitted with five sextets; with 
hyperfine parameters corresponding to α-Fe2O3 (single sextet), Fe3O4 (two sextets), α-Fe (single 
sextet) and Fe
3+
 SPM (single sextet). The two sextets observed for Fe3O4, arises from the inverse 
spinel structure of Fe3O4 having to different sites (A and B), the site with the large hyperfine 
induction corresponds to the Fe
3+
 on the tetrahedral (A) site whilst the site with a small hyperfine 
induction corresponds to a mixture of Fe
3+
 and Fe
2+
 on the octahedral (B) site. The proximity of 
the divalent and trivalent cations on the B sites frequently results in the electrons being thermally 
delocalised over the Fe
2+
 and Fe
3+
 cations [67]. Therefore, due to electron delocalisation, the 
sextets corresponding to Fe
3+
 and Fe
2+
 are not separated and appear as broad lines. The MAS 
parameters corresponding to the B sites are therefore intermediate between Fe
3+
 and Fe
2+
, which 
is often referred to as Fe
2.5+
. The relative abundances of the present phases were 52, 41, 1 and 6 
%, respectively. Comparison of the present phase content determined by MAS to the XRD 
results showed a deviance in the relative abundances, which may be attributed to the re-
oxidation of the iron oxide (FeO) to Fe3O4 upon exposure to air during MAS characterization. 
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Figure 6.16: Mössbauer spectrum of α-Fe2O3 (recorded at 298 K) after activation in H2 at 270  
                     
o
C for 16 hrs 
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parameters of the sextets corresponded to Fe3O4 (two sextets), α-Fe (single sextet) and the 
hyperfine parameter of the quadrupole doublet corresponded to Fe
3+
 species in a 
superparamagnetic state (SPM), with relative abundances of 55, 42 and 3 %, respectively, for 
CuFe2O4 and 6, 87 and 7 %, respectively. Higher α-Fe content was observed for CuFe2O4 and 
CuFeO2 as compared to the bulk iron oxide, in accordance with XRD results. 
0.93
0.95
0.97
0.99
-10 -5 0 5 10
R
el
at
iv
e 
tr
an
sm
is
si
o
n
Velocity (mm/s)
raw data
fitted data
Fe3+ SPM
Fe3O4 (A)
Fe3O4 (B)
α-Fe2O3
α-Fe
                                                                                                                                           Chapter 6 
 
117 
 
 
Figure 6.17: Mössbauer spectra of (a) CuFe2O4 and (b) CuFeO2 after activation in H2 at 270 
o
C  
                      for 16 hrs 
 
The MAS spectrum of the H2 activated AgFeO2 shown in Figure 6.18 was fitted with three 
sextets and a quadrupole doublet. The hyperfine parameters were consistent with Fe3O4 (two 
sextets) and α-Fe (single sextet), constituting 17 and 76 %, respectively. The quadrupole doublet 
has hyperfine parameters consistent with Fe
3+
 SPM, constituting 7 % of the total iron content, in 
accordance with the XRD results, yet again, confirming less re-oxidation occurs in the presence 
of a promoter. Comparison of the α-Fe content obtained after H2 activation of AgFeO2 and γ-
Fe2O3 showed a higher α-Fe content for AgFeO2 (76 %) as compared to γ-Fe2O3 (18 %), in 
accordance with XRD results. Moreover, the promoted model catalysts further showed a higher 
content of the superparamagnetic Fe
3+
 ions than that of the bulk iron oxide model catalysts, 
indicating that the average crystallite sizes of the promoted model catalysts were reduced 
[38,68]. 
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Figure 6.18: Mössbauer spectrum of AgFeO2 after activation in H2 at 270 
o
C for 16 hrs 
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6.4.2. CO activation studies 
6.4.2.1. X-ray diffraction (XRD) 
The XRD patterns of the CO activated γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and AgFeO2 are 
shown in Figure 6.19 (a), (b), (c), (d) and (e), respectively. The relative abundances of the 
phases present as well as the average crystallite sizes post CO activation are given in Table 6.4.   
The XRD pattern of γ-Fe2O3 after CO activation showed diffraction peaks corresponding to 
Fe3O4, FeO, χ-Fe5C2, θ-Fe3C and έ-Fe2.2C/ε-Fe2C (Figure 6.19 (a)), with relative abundances of 
48, 12, 31, 8 and 1 mol-%, respectively. The observed average crystallite sizes of Fe3O4, FeO, χ-
Fe5C2, θ-Fe3C and έ-Fe2.2C/ε-Fe2C were 25, 12, 9, 25 and 25 nm, respectively. The presence of 
FeO phase suggests that the reduction process may also occur via FeO to the iron carbide phases. 
Similar type of reduction mechanism was also reported by de Smit [66], in which they attributed 
their findings to the presence of the small crystallite sizes in the starting material. It is very 
difficult to distinguish between ε-Fe2C and έ-Fe2.2C using XRD, since the diffraction peaks of ε-
Fe2C and έ-Fe2.2C are observed at very similar angles [69,70], therefore, the term ε-carbide will 
be used in reference to έ-Fe2.2C/ε-Fe2C.  
 
The XRD pattern of the CO activated α-Fe2O3 (Figure 6.19 (b)), showed diffraction peaks 
corresponding to Fe3O4 and χ-Fe5C2 constituting 75 and 25 mol-%, respectively. The average 
crystallite of Fe3O4 and χ-Fe5C2 was 38 and 10 nm, respectively.  Figure 6.19 (c) shows the XRD 
pattern of the CO activated CuFe2O4 with diffraction peaks corresponding to Fe3O4, Fe5C2, θ-
Fe3C, ε-carbide and Cu. The normalized relative abundances of the iron containing species 
(Fe3O4, χ-Fe5C2, θ-Fe3C and ε-carbide) were 49, 23, 7 and 1 mol-%, respectively. The observed 
average crystallite sizes were 20, 7, 15 and 16 nm for Fe3O4, χ-Fe5C2, θ-Fe3C and ε-carbide, 
respectively.  The relative abundance of Cu was 19 mol-%, with an average crystallite size of 12 
nm. While, the XRD pattern of the CO activated CuFeO2 revealed diffraction peaks 
corresponding Fe3O4, χ-Fe5C2, ε-carbide and Cu. The normalized relative abundances of Fe3O4, 
χ-Fe5C2 and ε-carbide were 17, 40 and 1 mol-%, respectively. The observed iron containing 
phases Fe3O4, χ-Fe5C2 and ε-carbide showed average crystallite sizes of 14, 6 and 15 nm, 
respectively.  Metallic copper (Cu) constituted 42 mol-% and an average crystallite size of 11 
nm. The copper incorporated iron oxide systems showed higher total FexC content as compared 
to α-Fe2O3, confirming that the presence of copper assists in the reduction of the iron oxide 
during CO activation, in accordance with previous results reported by Hayakawa et al. [71], 
which showed that the presence of copper in the iron-based catalysts enhanced the formation of 
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iron carbide. Furthermore, CuFe2O4 and CuFeO2 showed Cu content less than the expected 
theoretical value. The deviance in the experimental value versus the theoretical value may be 
attributed to the instrumental (XRD) average crystallite size limitations. Small crystallite sizes 
are not detectable using the XRD, the average crystallite size as determined by Topas Rietveld 
refinement was 12 and 11 nm, respectively. Diffraction peaks corresponding to Fe3O4, χ-Fe5C2, 
θ-Fe3C, ε-carbide and Ag were observed in the XRD pattern of the CO activated AgFeO2 
(Figure 6.19 (e)). The normalized relative abundances of the iron containing phases Fe3O4, χ-
Fe5C2, θ-Fe3C, ε-carbide were 4, 59, 8 and 2 mol-%, respectively. The relative abundance as 
well as the average crystallite size of Ag was 27 mol-% and 13 nm, respectively. The silver 
incorporated iron oxide (AgFeO2) showed higher iron carbide content as compared to γ-Fe2O3. 
This result clearly show that in the presence of silver a facile reductive decomposition of 
AgFeO2 to Ag and Fe3O4 is observed as compared to the decomposition of γ-Fe2O3 to Fe3O4. 
This is indicative of the effect/role of the promoter during the activation. It can be postulated that 
the higher iron carbide formation is as a consequence of the facile first reduction step process 
(AgFeO2 to Ag and Fe3O4). The silver content was less than the expected theoretical value which 
may be attributed to the instrumental limitations, as observed in the copper incorporated iron 
oxide systems. 
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Figure 6.19: XRD pattern of the samples after ex-situ CO activation at 270 
o
C for 16 hrs: (a) α- 
                     Fe2O3, (b) CuFe2O4, (c) CuFeO2 (d) γ-Fe2O3 and (e) AgFeO2 
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Table 6.4: Physio-chemical characteristics of the wax embedded model catalyst after activation  
                 in CO at 270 
o
C for 16 hrs in a slurry reactor 
Sample  γ-Fe2O3  α-Fe2O3  CuFe2O4  CuFeO2  AgFeO2  
Phases
a
 Fe3O4 48 (25) 75 (38) 49 (20) 17 (14) 4 (35) 
 FeO 12 (14)     
 χ-Fe5C2 31 (9) 25 (10) 23 (7) 40 (6) 59 (8) 
 θ-Fe3C 8 (25)  7 (15) 1 (15) 8 (22) 
 ɛ-carbide 1 (25)  1 (16)  2 (12) 
 Cu/Ag   19 (12) 42 (11) 27 (13) 
Fe/Me
b
, mol/mol    4.20 1.39 2.64 
  where: Me = Cu or Ag 
a
 phase composition in mol-% Me (in brackets the average crystallite size in nm) as determined     
  using using Rietveld refinement of XRD-pattern;  
b
 molar ratio of copper in the metal phase relative to iron in the detected iron phases as  
  determined using Rietveld refinement of XRD-pattern; 
 
6.4.2.2. Mössbauer absorption spectroscopy (MAS) 
The Mössbauer absorption spectra of the CO activated γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and 
AgFeO2 are shown in Figure 6.20, 6.21, 6.22, 6.23, 6.24 and 6.25, respectively. The hyperfine 
parameters of the model catalysts are given in Table 6.5 and 6.6, with δ – isomer shift, ∆ - 
quadrupole splitting, ßhf – hyperfine induction, A – relative area. Figure 6.20 shows the MAS 
spectrum of the CO activated γ-Fe2O3, which revealed seven sextets superimposed to two 
quadrupole doublets. The hyperfine parameters corresponded to Fe3O4 (two sextets), χ-Fe5C2 
(three sextets), θ-Fe3C (single sextet) and έ-Fe2.2C (single sextet), with relative abundances of 
54, 32, 5 and 2 %, respectively. One of the quadrupole doublets was ascribed to Fe carbide in a 
SPM state, while the other doublet was ascribed to FeO, with relative abundances of 2 and 5 %, 
respectively.  
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Figure 6.20: Mössbauer spectrum of γ-Fe2O3 (recorded at 298 K) after CO activation at 270  
                   
o
C for 16 hrs 
 
The MAS spectrum of the CO activated α-Fe2O3 was fitted with five sextets is shown in Figure 
6.21; the hyperfine parameters corresponded to Fe3O4 (two sextets) and χ-Fe5C2 (three sextets) 
with relative abundances of 76 and 24 %, respectively.  
 
Figure 6.21: Mössbauer spectra of α-Fe2O3 (recorded at 298 K) after CO activation at 270 
o
C  
                    for 16 hrs 
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Figure 6.22 (a), shows the MAS spectrum of the CO activated CuFe2O4 fitted with eight sub-
spectra: seven sextets and a quadrupole doublet, with hyperfine parameters corresponding to 
Fe3O4 (two sextets), χ-Fe5C2 (three sextets), θ-Fe3C (single sextet), ε-Fe2C (single sextet) and 
Fe
3+
 SPM. The relative abundances of the present phases were 77, 14, 5, 2 and 2 %, respectively. 
While the MAS spectrum of the CO activated CuFeO2 (Figure 6.22 (b)) was fitted with six 
sextets and one quadrupole doublet, the hyperfine parameters were consistent with Fe3O4 (two 
sextets), χ-Fe5C2 (three sextets) and έ-Fe2.2C (single sextet), with relative abundance of 34, 48 
and 14 %, respectively. The quadrupole doublet was ascribed to Fe carbide SPM species 
yielding 4 % of the total iron carbide content.  
 
 
Figure 6.22: Mössbauer spectra of (a) CuFe2O4 and (b) CuFeO2 (recorded at 298 K) after  
                    CO activation at 270 
o
C for 16 hrs 
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The MAS spectrum of the CO activated AgFeO2 (Figure 6.23) was fitted with seven sextets 
superimposed to a quadrupole doublet. The hyperfine parameters are typical of Fe3O4 (two 
sextet), χ-Fe5C2 (three sextet), θ-Fe3C (single sextet) and έ-Fe2.2C (single sextet), with relative 
abundances of 6, 62, 12 and 6 %, respectively. The quadrupole doublet was ascribed to Fe 
carbide SPM, constituting 14 % of the total iron content. The iron containing phases present 
after CO activation of γ-Fe2O3, α-Fe2O3, CuFe2O4, CuFeO2 and AgFe2 as determined using MAS 
were in accordance with the XRD results.  
 
 
Figure 6.23: Mössbauer spectrum of AgFeO2 after activation in CO at 270 
o
C for 16 hrs 
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Table 6.5: Mössbauer hyperfine parameters of model catalysts (γ-Fe2O3, α-Fe2O3 and CuFe2O4)  
                  after ex-situ CO activation at 270 
o
C for 16 hrs 
                  δ – isomer shift, ∆ - quadrupole splitting, ßhf – hyperfine induction, A – relative area. 
 
 
 
 
 
 
 Temperature 
(K) 
Happ 
(T) 
MAS hyperfine parameters Components A 
(~2 %) 
Phase 
(after activation) δ 
(~0.02 mm/s) 
Δ 
(~0.02 mm/s) 
Bhf  
(~2 T) 
γ-Fe2O3 298 0 0.31  
0.66  
0.26  
0.17  
0.24  
0.15  
1.19  
0.19  
0.21 
 
-0.03  
0.01  
0.05  
0.02  
0.12  
0.02  
0.43  
1.11  
-0.27 
48.6  
45.4  
22.0  
18  
10.7  
19.4  
- 
- 
15.9 
sextet (A) 
sextet (B) 
sextet 
sextet 
sextet 
sextet 
 
doublet 
sextet 
54 
 
32 
 
 
5 
5 
2 
2 
Fe3O4 
 
χ-Fe5C2 
 
 
θ-Fe3C 
FeO 
Fe
3+
 SPM 
έ-F2.2C 
α-Fe2O3 298 0 0.28  
0.67  
0.15  
0.10  
0.13  
0.02  
0.00  
0.02  
0.02  
0.09  
48.5  
45.3  
22.3  
18.3  
9.7  
sextet (A) 
sextet (B) 
sextet 
sextet 
sextet 
76 
 
24 
Fe3O4 
 
χ-Fe5C2 
CuFe2O4 298 0 0.30  
0.65  
0.24  
0.12  
0.23  
0.27  
0.19  
0.26  
-0.02  
-0.04  
-0.06  
0.03  
-0.12  
-0.06  
0.02  
1.18  
48.0  
45.2  
21.6  
17.8  
9.8  
19.2  
23.4  
- 
sextet (A) 
sextet (B) 
sextet 
sextet 
sextet 
sextet 
sextet 
doublet 
77 
 
14 
 
 
5 
2 
2 
Fe3O4 
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θ-Fe3C 
ε-Fe2C 
Fe
3+
 SPM 
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Table 6.6: Mössbauer hyperfine parameters of model catalysts (CuFeO2 and AgFeO2) after ex- 
                  situ CO activation at 270 
o
C for 16 hrs 
                  δ – isomer shift, ∆ - quadrupole splitting, ßhf – hyperfine induction, A – relative area. 
 
 Temperature 
(K) 
Happ 
(T) 
MAS hyperfine parameters Components A 
(~2 %) 
Phase 
(after activation) δ 
(~0.02 mm/s) 
Δ 
(~0.02 mm/s) 
Bhf 
(T) 
CuFeO2 298 0 0.28  
0.66  
0.25  
0.23  
0.13  
0.26  
0.19 
0.02  
-0.02  
0.07  
-0.05  
 -0.03  
-0.01  
1.03 
48.9  
45.6  
22.1  
18.4  
10.5  
16.8  
- 
sextet (A) 
sextet (B) 
sextet 
sextet 
sextet 
sextet 
sextet t 
34 
 
48 
 
 
14 
4 
Fe3O4 
 
χ-Fe5C2 
 
 
έ-Fe2.2C 
Fe
3+
 SPM 
AgFeO2 298 0 0.33  
0.65 
0.28  
0.20  
0.18  
0.14  
0.28  
0.27  
0.00  
0.05 
0.02  
0.02  
0.08  
0.02  
0.02  
0.99  
49.2  
45.5 
22.1  
18.5  
10.3  
19.2  
16.8  
- 
sextet (A) 
sextet (B) 
sextet 
sextet 
sextet 
sextet 
sextet 
doublet 
6 
 
62 
 
 
12 
6 
14 
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Fe
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6.5. Summary of the characterization results of the H2 and CO activated model catalysts 
6.5.1. H2 activated model catalysts 
The presence of copper and silver in the iron oxide (CuFe2O4, CuFeO2 and AgFeO2) showed a 
more facile reductive decomposition of the iron oxide as compared to the un-promoted iron 
catalysts (γ-Fe2O3 and α-Fe2O3) of similar crystallite sizes as observed from H2-TPR, in-situ 
XRD as well as ex-situ XRD results. Copper does also promote the consecutive reduction step 
(magnetite to α-Fe) during H2-activation possibly by H2-spill-over. Moreover, both silver and 
copper accelerate the rate of reduction of magnetite to α-Fe.  
 
6.5.2. CO activated model catalysts 
The in-situ XRD results of the CO activated model catalysts showed an enhanced iron carbide 
formation in the presence of the promoter (copper and silver). Similar results were observed in 
the ex-situ XRD results. The carburization of magnetite in the absence of hydrogen was not 
facilitated by copper indicating that either CO does not spill-over or that spill-over of CO is 
kinetically irrelevant for the carburization process. It is thus speculated that the enhanced iron 
carbide formation in the presence of a promoter is ascribed to the facile reduction of the first 
reduction step process (reductive decomposition of the ferrite to the metal and Fe3O4).  
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Chapter 7 
 
Fischer-Tropsch synthesis performance of the model catalysts 
This chapter aims to provide the reader with the results observed on the promotional effect of 
copper and silver on iron-based catalysts during the Fischer-Tropsch synthesis. Prior to the 
Fischer-Tropsch synthesis the model catalysts were activated in hydrogen (H2) and carbon 
monoxide (CO). Herein, the observed FTS results of the promoted iron catalysts are compared 
to the un-promoted iron catalysts.  
 
7.1. Introduction 
Copper has traditionally been added to the iron-based FT catalysts to enhance the rate of 
reduction of iron oxide [1,2,3,4]. Additionally, a number of studies have also shown an increase 
in the FT performance with copper promotion [5,6,7,8,9]. O’Brien et al. [10], studied the effect 
of copper on iron catalysts during Fischer-Tropsch synthesis, the catalysts were activated under 
different activation conditions (H2, CO, H2/CO). The results showed an increase in the activity 
with copper promotion irregardless of the activation gas used. Wachs et al. [11] investigated the 
promotional effect of copper and silver on the performance of iron catalysts during the Fischer-
Tropsch synthesis. The results showed that the addition of copper and silver to the iron catalyst 
had no effect on the FT performance; this was ascribed to the lack of intimate contact between 
the iron and promoter (Cu, Ag) during the Fischer-Tropsch synthesis.  
 
Promotion of iron catalyst with copper has been shown to affect the performance of iron-based 
catalysts during the Fischer-Tropsch synthesis [10] however; the reasons for the observed 
changes remain elusive. To this day, there is still no clear understanding as to how the presence 
of copper in iron-based FT catalysts may influence the performance of iron catalysts during 
Fischer-Tropsch synthesis. To our knowledge no other studies have been conducted on the 
promotional effect of silver on iron-based Fischer-Tropsch catalysts. Therefore, an 
understanding of the effect of copper on the iron-based FT catalysts may give an insight into the 
role of other metals (e.g., silver) in the same group as copper (in the periodic table) during 
Fischer-Tropsch synthesis.  
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7.2. Characterization of the spent model catalysts 
7.2.1. Hydrogen (H2) activated model catalysts 
7.2.1.1. X-ray diffraction (XRD) 
XRD patterns of the model catalysts activated in H2 at 270 
o
C, thereafter, exposed to FTS 
conditions at 250 
o
C for 48 hrs are shown in Figure 7.1 (a) γ-Fe2O3 (ex), (b) α-Fe2O3 (ex), (c) 
CuFe2O4 (ex), (d) CuFeO2 (ex) and (e) AgFeO2 (ex). The phase(s) present, relative abundance 
(mol-%) and the average crystallite sizes (nm) are given in Table 7.1, which were estimated 
using Topas Rietveld refinement. In all the spent catalysts, the presence of either iron oxide (i.e., 
magnetite) and/or  iron carbides were observed as expected for iron catalysts under Fischer-
Tropsch synthesis conditions [12,13]. Moreover, XRD pattern of the copper- or silver-promoted 
iron catalysts showed XRD pattern of copper and silver present in its metallic phase. The XRD 
pattern of γ-Fe2O3 (ex) (Figure 7.1 (a)), showed diffraction peaks corresponding to magnetite 
(Fe3O4) and Hägg carbide (χ-Fe5C2), constituting 68 and 32 mol-%, respectively. The average 
crystallite sizes of Fe3O4, χ-Fe5C2 after FTS was 48 and 16 nm, respectively.  Figure 7.1 (b) 
shows the XRD pattern of α-Fe2O3 (ex), with XRD diffraction peaks corresponding to Fe3O4 and 
χ-Fe5C2 constituting 90 and 10 mol-%, respectively. The observed average crystallite size of 
Fe3O4 and χ-Fe5C2 was 45 and 14 nm, respectively. The XRD pattern of the CuFe2O4 (ex) is 
shown in Figure 7.1 (c), with diffraction peaks corresponding to Fe3O4, χ-Fe5C2, θ-Fe3C and Cu. 
The relative abundance of the phases, Fe3O4, χ-Fe5C2, θ-Fe3C and Cu were 37, 40, 8 and 16 mol-
%, respectively. The phases present, Fe3O4, χ-Fe5C2, θ-Fe3C and Cu had average crystallite sizes 
34, 10, 14 and 22 nm, respectively. Figure 7.1 (d) shows the XRD pattern of CuFeO2 (ex), 
diffraction peaks corresponding to Fe3O4, χ-Fe5C2 and metallic Cu were observed. The 
normalized relative abundance of the phases was 26, 45 and 29 mol-% for Fe3O4, χ-Fe5C2 and 
Cu, respectively. The phases Fe3O4, χ-Fe5C2 and Cu had average crystallite sizes of 19, 9 and 18 
nm, respectively. Diffraction peaks corresponding to Fe3O4, χ-Fe5C2 and Ag were observed in 
the XRD pattern of AgFeO2 (ex) as shown in Figure 7.1 (e). The normalized relative abundance 
of Fe3O4, χ-Fe5C2 and Ag phases was 2, 83 and 15 mol-%, respectively. After FTS average 
crystallite sizes of 12, 20 and 11 nm were observed for Fe3O4, χ-Fe5C2 and Ag, respectively. The 
promoted iron-catalysts showed an enhanced iron carbide formation as compared to the un-
promoted iron catalysts. Similar results were reported by Rao et al. [14]. Furthermore, the 
addition of Cu or Ag to the iron catalyst seemed to reduce the average crystallite size of the χ-
Fe5C2 as compared to the un-promoted iron catalysts, given in Table 7.1. 
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 Figure 7.1: X-ray diffractograms of the samples (a) γ-Fe2O3 (ex), (b) α-Fe2O3 (ex), (c)  
                    CuFe2O4 (ex), (d) CuFeO2 (ex) and (e) AgFeO2 (ex) after activation in H2 (270 
o
C  
                    for 16 hrs) and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
 
Similar results were observed by Cairns [15]. They reported that although it is unclear how, it 
was evident that copper played a role on the resulting χ-Fe5C2 average crystallite size. An 
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oxidation study of the model catalysts was conducted by re-analysis of the spent catalysts after 
10 months of storage in wax. The samples were analysed using XRD (the results are shown in 
Appendix B). The storage procedure leads to some oxidation. The extent of oxidation is small 
and not an obvious function of the copper content in the catalyst. In particular the metastable 
phase FeO is prone to oxidation. 
 
Table 7.1: Physio-chemical characteristics of the model compounds after activation in H2 (270  
                 
o
C for 16 hrs) and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
Sample  γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
Fe/Me
a
, mol/mol  - - 2.75±0.28 1.18±0.13 1.75 
Phases
b
 Fe3O4 68 (45) 90 (48) 30 (19) 26 (19) 2 (12) 
 χ-Fe5C2 32 (14) 10 (16) 40 (10) 45 (9) 83 (20) 
 θ-Fe3C   8 (14)   
 Cu/Ag   16 (22) 29 (18) 15 (11) 
Fe/Me
c
, mol/mol    4.8 2.4 5.5 
  where Me = Cu or Ag 
a
 Phase composition using EDX 
b
 phase composition in mol-% Me (in brackets the average crystallite size in nm) as determined using using Rietveld  
  refinement of XRD-pattern 
c
 molar ratio of copper in the metal phase relative to iron in the detected iron phases as determined using Rietveld  
  refinement of XRD-pattern. 
 
7.2.1. Mössbauer absorption spectroscopy (MAS) 
Mössbauer spectra of the H2 activated model catalysts after the Fischer-Tropsch synthesis are 
shown in Figure 7.2-7.4. The MAS hyperfine parameters are given in Table 7.2 and 7.3. All the 
Mössbauer spectra were recorded at room temperature (298 K) and only the sample of AgFeO2 
(ex) was further recorded at liquid helium (4.2 K). All the activated model catalysts showed the 
presence of magnetite (Fe3O4) and iron carbide as final phases. The promoted iron catalysts 
further revealed an iron phase in superparamagnetic material (related to the presence of iron in 
small magnetic domains). Figure 7.2 (a) and (b) shows the MAS spectra of γ-Fe2O3 (ex) and α-
Fe2O3 (ex), respectively. The spectra were fitted with hyperfine parameters similar to Fe3O4 and 
iron carbide (FexC), constituting 80 and 20 %, respectively, for γ-Fe2O3 (ex) and 96 and 4 %, 
respectively, for α-Fe2O3 (ex). Due to the small quantities of the iron carbide phase present in the 
spent catalyst, it was difficult to obtain accurate data as which iron carbide was present, 
                                                                                                                                           Chapter 7 
 
143 
 
therefore, the iron carbide is denoted as FexC. The relative abundance of the phases present is in 
agreement with the XRD results (XRD studies discussed in section 7.2.1.1). 
 
 
Figure 7.2: Mössbauer spectra of γ-Fe2O3 (ex) and α-Fe2O3 (ex) after activation in H2 (270 
o
C  
                    for 16 hrs) and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
 
The MAS spectra of the copper promoted iron catalysts (CuFe2O4 (ex) and CuFeO2 (ex)) are 
shown in Figure 7.3 (a) and (b), respectively. The MAS spectra were fitted with five sextets and 
a quadrupole doublet. Two of the sextets had MAS hyperfine parameters similar to Fe3O4 and 
three of the sextets are typical of the Hägg carbide (χ-Fe5C2). The quadrupole doublet was 
attributed to Fe species in SPM state. The relative abundances of the Fe3O4 and χ-Fe5C2 phases 
in CuFe2O4 (ex) were 46 and 49 %, respectively, and the quadrupole doublet constituted 5 % of 
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the total Fe content. While, in CuFeO2 (ex) the relative abundances of Fe3O4 and χ-Fe5C2 phases 
were 17 and 76 %, respectively, and the quadrupole doublet constituted 7 % of the total iron 
content. Comparison of the MAS results with the XRD results showed discrepancies which may 
be attributed to the presence of Fe in SPM material due to the presence of small crystallite sizes, 
which creates difficulties in quantifying the sample using XRD or MAS technique. 
 
 
Figure 7.3: Mössbauer spectra of (a) CuFe2O4 (ex) and (b) CuFeO2 (ex) after activation in H2  
                   (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for  
                   48 hrs) 
 
Figure 7.4 (a) and (b) shows the MAS spectra of AgFeO2 (ex) recorded at room temperature and 
liquid helium, respectively. The MAS spectrum recorded at room temperature was fitted with 
four sextets and a quadrupole doublet. Two of the sextets had hyperfine parameters 
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corresponding to Fe3O4, while, the other two sextets had hyperfine parameters typical of χ-
Fe5C2. The quadrupole doublet was ascribed to the Fe in SPM state. The relative abundances of 
the Fe3O4, χ-Fe5C2 and quadrupole doublet were 6, 69 and 26 %, respectively. H2 activated 
AgFeO2 was further analysed at liquid nitrogen. The MAS spectrum recorded at liquid helium 
showed the disappearance of the quadrupole doublet which was attributed to Fe in SPM. The 
MAS spectrum was fitted with five sextets; three of the sextets had hyperfine parameters similar 
to Fe
3+
 and Fe
2+
 in B-site and Fe
3+
 in A-site of the Fe3O4, while, the two sextets had hyperfine 
parameters typical of the χ-Fe5C2. The relative abundances of Fe3O4 and χ-Fe5C2 were 33 and 69 
%, respectively. The disappearance of the quadrupole doublet as well as the increase in the 
relative abundance of Fe3O4 in the MAS results recorded at liquid helium suggested that the Fe 
in SPM state (observed in the MAS spectrum recorded at room temperature) was attributed to 
the presence of Fe3O4 in small crystallite sizes. The promoted iron catalysts showed enhanced 
iron carbide formation as compared to the un-promoted iron catalysts. Moreover, the promoted 
iron catalyst recorded at room temperature showed smaller average crystallite size of the iron 
carbide as compared to the un-promoted iron catalyst (confirmed by the appearance of 
superparamagnetic material in the promoted iron catalysts). These results corresponded well 
with the observed XRD results and were similar to the results previously reported by Cairns 
[15]. 
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Figure 7.4: Mössbauer spectra of AgFeO2 (ex) recorded at (a) 298 K and (b) 4.2 K, after  
                   activation in H2 (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch conditions (250  
                   
o
C, 20 bars for 48 hrs) 
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Moreover, comparison of the XRD results to those obtained from Mӧssbauer analysis shows that 
the XRD-analysis seems to underestimate the amount of iron present as Fe3O4 in the sample 
significantly for the model compounds CuFeO2 (ex) and AgFeO2 (ex), due to the large amount of 
superparamagnetic iron present in these samples as shown in Figure 7.5. Hence, the use of a 
single technique to estimate the phases present in the catalyst may lead to erroneous 
interpretation of the results. The samples ex delafossite contain large amounts of super-
paramagnetic iron. Small domains of magnetite may be formed upon oxidation of nano sized 
crystallites of Hägg iron carbide with the product water. A thermodynamic driving force for this 
reaction under the conditions of the Fischer-Tropsch synthesis applied in this study is only 
present if small magnetite clusters are cleaved off from the carbide crystallites [16]. The sample 
AgFeO2 (ex) contains after the Fischer-Tropsch synthesis much more superparamagnetic iron 
than the sample CuFeO2 (ex) implying some role of the promoter element on the transformation 
of iron in this sample. 
 
 
Figure 7.5: Correlating the amount of oxidic iron determined using Mössbauer absorption  
                   spectroscopy and the using XRD (amount of Fe3O4 as determined using  
                   mössbauer at 298 K) 
 
7.2.2.  Fischer-Tropsch synthesis (FTS) activity  
The FT performance (activity and selectivity) of the model catalysts were measured in a slurry 
reactor. The model catalysts (5.00 g) were slowly added to 300 g of molten wax (H1-hardened 
Sasolwax) in the 1 dm-3 slurry reactor. The reaction conditions were: T = 250 oC, P = 20 bar, a 
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synthesis gas comprising of H2 and CO with an effective partial pressure of 16.8 bar. Argon was 
used as an internal reference. The ratio of H2: CO: Ar is 2.1: 1: 0.6. The FT reaction was carried 
out for 48 hrs. Prior to the Fischer-Tropsch synthesis the model catalysts were activated at 270 
oC for 16 hrs in either pure H2 or CO gas (500 ml(STP).min
-1). Furthermore, a control 
experiment was performed, in which the separate particles of CuO and α-Fe2O3 were loaded into 
the reactor to evaluate the effect of separate copper particles present during the Fischer-Tropsch 
synthesis. Detailed Fischer-Tropsch synthesis conditions are discussed in Chapter 4 (Section 
4.5.3.2).  
 
The FT activity is expressed as carbon conversion (sum of carbon monoxide and carbon dioxide 
conversions) as a function of time on stream (hr). Figure 7.6 shows the steady state carbon 
conversions of γ-Fe2O3 (ex), α-Fe2O3 (ex), CuFe2O4 (ex), CuFeO2 (ex) and AgFeO2 (ex). The FT 
activity was between of 5 to 30 C-%. The promoted iron catalysts showed higher activity as 
compared to the un-promoted iron catalysts. Similar results have previously been reported by 
Kölbel [17], Bukur [18] and Deckwer [19]. The observed higher activity for the promoted iron 
catalysts may be ascribed to the enhanced formation of the iron carbide phase, which has been 
reported as the possible catalytically active phase for the Fischer-Tropsch synthesis [20,21]. It is 
a known concept that under Fischer-Tropsch synthesis conditions the iron phase(s) may 
transform from one phase to the other (i.e., iron oxide (Fe3O4) to various iron carbides or vice 
versa). Van Steen et al. [22] suggested that this may occur via the oxidation of the  iron 
carbide(s) in the presence of  H2O to form iron oxide (Fe3O4), which may subsequently undergo 
sintering in the presence H2O, thereby resulting in large crystallites of Fe3O4. These large 
crystallites of Fe3O4 may further undergo reductive carburization with simultaneous crystallite 
break-up as shown in Scheme 7.1.  
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Figure 7.6: Carbon conversion of γ-Fe2O3 (ex), α-Fe2O3 (ex), CuFe2O4 (ex), CuFeO2 (ex) and  
                              AgFeO2 (ex) as a function of time on stream (hr) after activation in H2 (270 
o
C, 16  
                    hrs) and exposure to Fischer-Tropsch conditions (270 
o
C, 48 hrs)   
 
 
Scheme 7.1: Schematic representation of the transformations with an iron-based Fischer- 
                     Tropsch catalyst in the presence of a group 11 metal (black: iron carbide; grey:  
                     magnetite; dotted: group 11 metal).  
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It is suspected that the enhanced formation of iron carbide as well as smaller average crystallite 
sizes observed in the promoted iron catalysts as compared to the un-promoted iron catalysts may 
possibly be attributed to the presence of the promoter. It is, therefore, speculated that the 
promoter (copper or silver) in close proximity with the iron enhances the rate of the iron carbide 
formation in the cycle (see Scheme 7.1). Various mechanisms may contribute to an enhance 
carbide formation. For instance H2-spillover to Fe3O4 under Fischer-Tropsch conditions may 
accelerate the carburization process via a partial reduction of Fe3O4 to α-Fe and thus resulting in 
enhanced carbide formation. Alternatively, the well dispersed promoter may prevent magnetite 
from sintering. This may lead to an enhanced rate of carburization, if the rate of carburization of 
magnetite is dependent on the size of magnetite. Similar results were reported by Li et al. [23], 
in which they suggested that the smaller active domains lead to shorter diffusion paths and to a 
larger number of sites for CO adsorption/dissociation in the Fischer-Tropsch synthesis.  
 
7.2.3. Product formation 
7.2.3.1. Carbon dioxide (CO2) formation 
Carbon dioxide is one of the many products formed during Fischer-Tropsch synthesis. Iron 
catalysts are reported to be active for CO2-formation via the water-gas shift reaction (WGS). 
Carbon dioxide can be formed in the removal of adsorbed oxygen (formed by the dissociation of 
CO) from the catalytically active surface, carburization of the iron oxide in the catalyst and the 
water-gas shift activity. The latter is the typical explanation given for the origin of CO2 in iron-
based Fischer-Tropsch synthesis. In a study conducted by Estralla et al. [24], in which they 
studied the behaviour of similar catalysts systems as in the present study, CuFe2O4 and 
Cu/Fe3O4 catalysts, under WGS reaction conditions, using in-situ characterization, it was shown 
that at temperature below 350 
o
C, the CO2 formed was ascribed to the partial reduction of the 
oxide sample by reaction with CO (the only product being CO2). While, at temperature above 
350 
o
C a simultaneous evolution of the WGS products (H2 and CO2) was observed. Furthermore, 
magnetite has been reported as the active phase for the WGS reaction [25,26,27,28,29,30]. In the 
present study the sample AgFeO2 (ex) contains less magnetite (according to the XRD-
measurement) than the sample CuFeO2 (ex), but the selectivity for the conversion of CO into 
CO2 is much higher. These samples further show a higher content of superparamagnetic iron 
representing magnetite in small domains. The rate of CO2-formation can be reasonably 
correlated with the amount of superparamagnetic iron in the catalyst sample as determined by 
Mӧssbauer absorption spectroscopy at room temperature as shown in Figure 7.7.  
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Figure 7.7: Correlating the rate of CO2-formation in the Fischer- Tropsch synthesis with the  
                    amount of superparamagnetic iron as determined by room temperature Mössbauer  
                    absorption spectroscopy for H2 activated model catalysts 
 
The correlation of the rate of CO2-formation with the amount of superparamagnetic iron implies 
that small domains of Fe3O4 are involved in the formation of CO2. It might be argued that the 
surface of these crystallites catalyses the water-gas shift reaction. Based on the study by Estralla 
et al. [24], water gas shift activity over magnetite is not expected at the conditions employed 
here. Carburization of superparamagnetic iron may occur under Fischer-Tropsch conditions (as 
shown by the CO pretreatment of the catalyst at slightly higher temperatures), and is thought to 
be the main origin of CO2-formation over the promoted catalysts. 
 
7.2.4. Formation of organic products 
7.2.4.1. Methane (CH4) formation chain growth probability (α) 
Methane is thermodynamically the most stable Fischer-Tropsch synthesis product [31], but not a 
desired product. Therefore, it must be kept as low as possible. Methane is formed through the 
associative desorption of methyl species and surface hydrogen. The methyl species can 
alternatively act as a chain starter and undergo chain growth (Scheme 7.2). 
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Scheme 7.2: Schematic presentation of methane formation 
 
The methane selectivity is determined by the likelihood that the carbon containing monomer for 
the Fischer-Tropsch synthesis is converted into a surface methyl species and the likelihood that 
the surface methyl species desorbs by hydrogen addition. Hence, the methane selectivity in C-% 
is related to the chain growth of the FT hydrocarbon product. The obtained methane selectivities 
in C-% are low, as expected for iron catalysed Fischer- Tropsch synthesis. It can be noted that 
the methane selectivity is lower for the promoter containing catalysts (Table 7.4). These 
catalysts also showed a higher activity and selectivity for the formation of CO2. The observed 
change in the methane selectivity might be related to the reduction of the CO partial pressure 
which reduces the inhibition of the Fischer-Tropsch synthesis by adsorbed CO. As outlined by 
van Santen et al. [32], a high coverage of the catalytically active surface with CO will yield 
methane. Hence reducing the surface coverage of the catalytically active surface with CO may 
result in a reduction in the methane selectivity if the surface coverage with CO is initially high. 
The methane selectivity will pass a minimum upon further lowering of the CO-coverage. The 
introduction of copper in the hydrogen activated model systems results in a decrease in the 
selectivity for light hydrocarbons (C1-C4) and an increase in the desired product (long chain) for 
the low temperature Fischer-Tropsch synthesis (C5+) (see Table 7.4). 
 
Table 7.4: Selectivities of the model catalysts after activation in H2 (270 
o
C for 16 hrs)  
                  and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
Cu/α-Fe2O3 CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
SCH4
a
, C-% 4 4 4 3 2 1 
SC2-C4
a
, C-% 9 10 11 6 5 4 
SC5+
a
, C-% 87 86 85 92 93 95 
            a 
Content of the various product fractions in the fraction of organic product compounds 
CO + H2 CH3 Chain growth
+H
CH4
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Similarly, to the copper, the presence of silver in close proximity of the catalytically active phase 
seems to enhance the formation of long chain hydrocarbons. This might be attributed to an 
increased surface concentration of the monomer. However, the C5+ selectivity cannot be linked 
to the re-adsorption of olefins, since the olefin content over the silver containing samples is 
higher than over the other model catalysts. It has been noted previously that iron-based catalysts 
do not re-incorporate olefins to a large extent [34]. Furthermore, a control experiment was 
performed, in which the separate particles of CuO and α-Fe2O3 were loaded into the reactor to 
evaluate the effect of separate copper particles present during the Fischer-Tropsch synthesis. The 
results observed were comparable to the un-promoted iron catalyst (α-Fe2O3). 
 
7.2.5. Olefin formation  
During Fischer-Tropsch synthesis the main primary organic products formed are the olefins [33]. 
According to the alkyl mechanism olefins, are formed via dissociative desorption of growing 
surface alkyl species. Alternatively, paraffin can be formed via hydrogen addition to the alkyl 
species. 1-olefin can further re-adsorb non-terminally to the catalyst surface and upon desorption 
form olefins with internal double bonds (this secondary reaction is known as the double bond 
shift isomerisation) or may be re-incorporated for further chain growth or get hydrogenated to 
the corresponding paraffin as shown in Scheme 7.3. The double bond isomerisation shift 
reaction is more pronounced on hydrogen rich metal surfaces. In the case of no or minimal 
secondary reactions, the hydrogenation of alkyl species to paraffin is strongly subdued resulting 
in the formation of up to 70-90 mol-% of olefins [33,34]. 
 
 
 
 
                                                                                                                                           Chapter 7 
 
156 
 
 
Scheme 7.3: Proposed chain termination steps in the Fischer-Tropsch synthesis, forming the  
                      primary products (α-olefins and n-paraffins) and the adsorption of 1-olefin and  
                      subsequent double bond isomerisation reaction 
 
The extent of secondary reactions can be determined by plotting the mole fraction of olefins in 
the corresponding linear hydrocarbon (HCN) as a function of carbon number as shown in Figure 
7.8. An increase in the olefin in linear HCN from C2 to C3 was observed; a maximum value was 
reached at C3 and then decreased with increasing carbon number. The lower C2 olefin content 
reflects preferred secondary conversion of ethene (C2) and long chain olefin. The lower ethane 
(C2) content in C2-hydrocarbond observed for the copper promoted iron as compared to the un-
promoted iron catalysts was indicative of a preferred secondary hydrogenation. The highest 
olefin content in the C2 fraction was observed for the silver promoted iron catalyst, in 
conjunction with high 1-olefin content. This implies that secondary olefin conversion over this 
catalyst is limited. This might be attributed to the low activity of silver for the hydrogenation of 
the C=C-bond [35]. 
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Figure 7.8: Mole fraction of olefins in linear HCNs of the model catalysts as a function of  
                   carbon number after activation in H2 (270 
o
C for 16 hrs) and exposure to Fischer- 
                   Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
 
The olefin content in C5-hydrocarbon olefin was further used to investigate the olefin selectivity. 
The extent of the isomerization reaction (double bond shift reaction) was estimated by 
investigating the changes in the olefin content (of a particular carbon number) with the changes 
in the CO-conversion as given in Table 5. The extent of secondary reactions typically increases 
with increasing conversion [36]. This may possibly be ascribed to the enhancement of the 
catalytic activity, further enhanced by the relative enrichment of the gas atmosphere with 
hydrogen (due to the CO2-formation).  Moreover, the control experiment, in which CuO and α-
Fe2O3 were added to the reactor as separate particles, showed only a marginal difference  in the 
CO conversion in comparison with the CO conversion over the sample ex-hematite, which might 
be related to the slight difference in the conditions during the reduction process. 
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Table 7.5: Olefin content in C5-HC olefin and the CO-conversion of the model catalysts after  
                  activation in H2 (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch conditions (250  
                  
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
Cu/α-Fe2O3 CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
CO-conversion (%) 19 6 9 25 31 29 
Olefin content in  
C5-HC
a
 olefin, mol-% 
63 74 71 71 65 66 
1-olefin content in C5-
olefin
b
, mol-% 
60 89 85 90 66 98 
 a
Amount of olefins in the fraction of linear hydrocarbons with a particular number of carbon atoms 
 b
 Amount of linear 1-olefins in the fraction of linear olefins with a particular number of carbon atoms 
 
7.2.6. Oxygenate products formation   
Oxygenates constitute a small amount of the Fischer-Tropsch synthesis product. These are 
mainly made up of alcohols, aldehydes and ketones. The pathway for the formation of 
oxygenates during the Fischer-Tropsch is not well described in the literature, however, Pichler 
and Schulz [37] proposed that oxygenates are either formed through CO-insertion into an alkyl-
metal bond. Alternatively formed through addition of an OH group to an adsorbed alkylidene 
species as proposed by Johnston and Joyner [38] (see Scheme 7.4).  
 
 
Scheme 7.4: Proposed routes of oxygenates formation 
Previous studies have shown that the addition of copper to the iron catalyst enhances oxygenate 
formation [15,39]. However, the copper promoted iron catalysts showed similar C5-alcohol 
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content results as compared to the un-promoted iron catalysts while an increase in the C5 alcohol 
content was observed for the silver promoted iron catalyst as given in Table 7.6. 
 
Table 7.6: Mole fraction of the total C5 oxygenates in linear hydrocarbon (HCN) products after  
                  activation in H2 (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch conditions (250  
                  
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
C5 oxygenates in linear C5 
product compounds, 
 mol-% 
8 8 9 6 14 
 
 
7.2.7. Branched products formation 
In addition to linear products, branched products are also found in small amounts in the Fischer-
Tropsch synthesis products. The branched products can be formed primarily, involving the 
reaction of a surface alkylidine species with a surface methyl species [40,41] or by re-adsorption 
of α-olefins and successive chain growth [42] as shown in Scheme 7.5.  
 
  
Scheme 7.5: Proposed formation routes of branched hydrocarbons 
 
The molar ratio of methyl branched to linear hydrocarbon in the C5 fraction is given in Table 
7.7. The copper promoted iron catalyst (CuFeO2 (ex)) showed lower branched product formation 
as compared to the un-promoted catalyst (α-Fe2O3 (ex)). The formation of branched product 
compounds is related to the relative hydrogen availability on the catalyst surface [43], with 
increasing hydrogen availability the primary formation of branched product compounds 
decreases and the secondary formation of this class of products increases. 
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Table 7.7: Molar ratio of iso (branched) to n (straight) compounds in the C5 hydrocarbon  
                  fraction after activation in H2 (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch  
                  conditions (250 
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
Cu/α-Fe2O3 CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
iso-C5/n-C5, mol/mol 0.16 0.26 0.23 0.08 0.20 0.35 
 
 
7.3. Characterization of the spent catalysts 
7.3.1. Carbon monoxide activated catalysts 
7.3.1.1. X-ray diffraction (XRD) 
The XRD patterns of the model catalysts that were activated in CO at 270 
o
C, thereafter, 
exposed to FTS conditions (250 
o
C 20 bars, 48 hrs and H2: CO: Ar ratio of 2: 1: 0.6) are shown 
in Figure 7.9 (a) γ-Fe2O3 (ex), (b) α-Fe2O3 (ex), (c) CuFe2O4 (ex), (d) CuFeO2 (ex) and (e) 
AgFeO2 (ex). The phase(s) present, relative abundance (mol-%) and average crystallite sizes 
(nm) are given in Table 7.8. Iron oxide (magnetite) and iron carbide were observed as the final 
phase(s) in all the model catalysts. The metallic copper and silver phases were further observed 
in the XRD pattern of the copper and silver promoted iron catalysts after the Fischer-Tropsch 
synthesis. 
 
The XRD pattern of γ-Fe2O3 (ex) (Figure 7.9 (a)), showed XRD diffraction peaks corresponding 
to Fe3O4, FeO and χ-Fe5C2, constituting 72, 6 and 22 mol-%, respectively. The average 
crystallite sizes of the phases Fe3O4, FeO and χ-Fe5C2 were 43, 9 and 26 nm, respectively. The 
XRD pattern of α-Fe2O3 (ex) (Figure 7.9 (b)), revealed diffraction peaks corresponding to Fe3O4 
and χ-Fe5C2, constituting 83 and 17 mol-%, respectively. The average crystallite sizes of Fe3O4 
and χ-Fe5C2 were 42 and 10 nm, respectively. Figure 7.9 (c) showed the XRD pattern of the 
CuFe2O4 (ex), diffraction peaks  corresponded to Fe3O4, χ-Fe5C2 and Cu with the normalized 
relative abundance of 55, 29 and 16 mol-%, respectively were observed. The average crystallite 
of Fe3O4, χ-Fe5C2 and Cu was 30, 12 and 16 nm, respectively. Diffraction peaks corresponding 
to Fe3O4, χ-Fe5C2 and Cu (Figure 7.9 (d)) were observed in the XRD pattern of CuFeO2 (ex). 
The normalized relative abundance of the phases Fe3O4, χ-Fe5C2 and Cu was 28, 48 and 24 mol-
%, respectively. The average crystallite sizes of Fe3O4, χ-Fe5C2 and Cu were 26, 9 and 20 nm, 
respectively. Diffraction peaks corresponding to Fe3O4, FeO, χ-Fe5C2 and Ag were observed in 
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the XRD pattern of AgFeO2 (ex) as shown in Figure 7.9 (e). The normalized relative abundance 
of Fe3O4, FeO, χ-Fe5C2 and Ag was 4, 13, 67 and 16 mol-%, respectively. The average 
crystallite sizes of Fe3O4, FeO, χ-Fe5C2 and Ag were, n/a, 14, 9 and 13 nm, respectively. The 
promoted iron catalysts showed an enhanced iron carbide formation as compared to the un-
promoted iron catalysts. Furthermore, the average crystallite sizes of the iron carbide phase were 
in a range of 9-14 nm as given in Table 7.8. The Cu and Ag fraction that could not be accounted 
for maybe present in the spent catalyst in small average crystallite sizes; this would thus result in 
difficulty in analyses with the XRD technique. An oxidation study of the model catalysts was 
conducted by re-analysis of the spent catalysts after 10 months of storage in wax. The samples 
were analysed using XRD (the results are shown in Appendix B). The storage procedure leads to 
some oxidation. The extent of oxidation is small and not an obvious function of the copper 
content in the catalyst. In particular the metastable phase FeO is prone to oxidation. 
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Figure 7.9: X-ray diffractograms of the model catalysts after activation in CO (270 
o
C for 16  
                      hrs) and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for 48 hrs  (a) γ- 
                      Fe2O3 (ex), (b) α-Fe2O3 (ex), (c) CuFe2O4 (ex), (d) CuFeO2 (ex) and (e) AgFeO2   
                      (ex)  
 
 
 
 
30 40 50 60 70 80 90
Diffraction angle (Co Kα), 2θ,
 o 
Fe3O4 
χ-Fe5C2 
Ag 
Cu 
(e) 
(c) 
(d) 
(b) 
(a) 
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Table 7.8: Physio-chemical characteristics of the model compounds after activation in CO     
                  (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch conditions (T = 250 
o
C, 20 bars  
                  for 48hrs) 
Sample  γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
Fe/Me
a
, mol/mol  - - 2.29±0.10 1.21±0.17 1.76±0.25 
Phases
b
 Fe3O4 72 (43) 83 (17) 55 (30) 28 (26) 4 (-) 
 FeO 6 (9)    13 (14) 
 χ-Fe5C2 22 (26) 17 (10) 29 (12) 48 (9) 67 (9) 
 Cu/Ag   16 (16) 24 (20) 16 (13) 
Fe/Me
c
, mol/mol    5.2 3.2 6.0 
  where Me = Cu or Ag 
a 
Phase composition using EDX  
b
 phase composition in mol-% Me (in brackets the average crystallite size in nm) as determined using Rietveld  
  refinement of XRD-pattern  
c
 molar ratio of copper in the metal phase relative to iron in the detected iron phases as determined using Rietveld  
  refinement of XRD-pattern. 
 
7.3.1.2. Mössbauer absorption spectroscopy (MAS) 
Mössbauer spectra of the CO activated model catalysts after the Fischer-Tropsch synthesis are 
shown in Figure 7.10-7.12. The MAS hyperfine parameters are given in Table 7.9 and 7.10. All 
the Mössbauer spectra were recorded at room temperature (298 K) and only the sample of ex-
AgFeO2 was further recorded at liquid helium (4.2 K). In all the model catalysts the presence of 
magnetite (Fe3O4) and iron carbide were observed as final phases. While, the promoted iron 
catalysts also revealed an iron phase in superparamagnetic material (related to the presence of 
iron material in small crystallite size). The MAS spectra of γ-Fe2O3 (ex) and α-Fe2O3 (ex) are 
shown in Figure 7.10 (a) and (b), respectively. The MAS spectrum showed three sextets. Two of 
the sextets had hyperfine parameters similar to Fe3O4 and one of the sextets had hyperfine 
parameters typical of iron carbide (FexC). The relative abundance of Fe3O4 and FexC were 92 
and 8 %, respectively. The MAS spectrum of the γ-Fe2O3 (ex) as shown in Figure 7.10 was fitted 
with four sextets, two of the sextets had hyperfine parameters similar to Fe3O4 and the other two 
were typical of iron carbide (FexC). The relative abundances of the Fe3O4 and FexC were 88 and 
12 %, respectively. These results are in agreement with the previously discussed XRD results 
(XRD studies discussed in section 7.3.1.1).  
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Figure 7.10: Mössbauer spectra of γ-Fe2O3 (ex) and α-Fe2O3 (ex) after activation in CO 
                      (270 
o
C, 16 hrs) and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for  
                      48 hrs)  
 
Figure 7.11 (a) and (b) show the MAS spectra of CuFe2O4 (ex) and CuFeO2 (ex), respectively. 
The MAS spectra were fitted with five sextets and a quadrupole doublet, two of the sextets had 
MAS hyperfine parameters similar to Fe3O4, while, three of the sextets are typical of χ-Fe5C2. 
The quadrupole doublet was attributed to Fe species in SPM state. The relative abundances of 
the Fe3O4 and χ-Fe5C2 phases for the spent catalyst of CuFe2O4 (ex) were 70 and 23 %, 
respectively, and the quadrupole doublet constituted 7 % of the total Fe content. In the spent 
catalyst of CuFeO2 (ex), the relative abundances of the Fe3O4 and χ-Fe5C2 phases were 56 and 38 
%, respectively, and the quadrupole doublet constituted 6 % of the total iron content. 
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Comparison of the MAS and XRD results of CuFe2O4 (ex) and CuFeO2 (ex) revealed a slight 
discrepancy in the results; this difference may be attributed to the presence of small average 
crystallite sizes (confirmed by the quadrupole doublet in MAS results) that are not XRD 
detectable. 
 
 
Figure 7.11: Mössbauer spectra of (a) CuFe2O4 (ex) and (b) CuFeO2 (ex) after activation in CO                         
                     (270 
o
C, 16 hrs) and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for  
                     48 hrs)  
 
The MAS spectra of AgFeO2 (ex) were recorded at room temperature and liquid helium as 
shown in Figure 7.12 (a) and (b), respectively. The MAS spectrum recorded at room temperature 
was fitted with five sextets and a quadrupole doublet. Two of the sextets had hyperfine 
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parameters corresponding to Fe3O4, while, the other three sextets had hyperfine parameters 
typical of the χ-Fe5C2 phase. The quadrupole doublet was attributed to the Fe in SPM state. The 
relative abundances of the Fe3O4, χ-Fe5C2 and quadrupole doublet were 10, 56 and 34 %, 
respectively. The MAS spectrum recorded at liquid helium resulted in the disappearance of the 
quadrupole doublet which was attributed to Fe in SPM. The MAS spectrum was fitted with six 
sextets; three of the sextets had hyperfine parameters similar to Fe
3+
 and Fe
2+
 in B-site and Fe
3+
 
in A-site of the Fe3O4 phase, while, the other three sextets had hyperfine parameters typical of 
the χ-Fe5C2 phase.  
 
 
Figure 7.12: Mössbauer spectra of AgFeO2 (ex) recorded at (a) 298 K and (b) 4.2 K, after 
                      activation in CO (270 
o
C, 16 hrs) and exposure to Fischer-Tropsch conditions   
                      (250 
o
C, 20 bars for 48 hrs)  
 
The relative abundances of Fe3O4 and χ-Fe5C2 were 48 and 52 %, respectively. The 
disappearance of the quadrupole doublet as well as the increase in the relative abundance of 
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Fe3O4 in the MAS results recorded at liquid helium (as compared to the room temperature 
recorded results) suggested that the Fe in SPM state was ascribed to the presence of Fe3O4 in 
small crystallite sizes.  
 
Table 7.9: Mössbauer hyperfine parameters of γ-Fe2O3 (ex), α-Fe2O3 (ex), CuFe2O4 (ex) and  
                  CuFeO2 (ex) after activation in CO (270 
o
C, 16 hrs) and exposure to Fischer- 
                  Tropsch conditions (250 
o
C, 20 bars for 48 hrs)  
                  δ – isomer shift, ∆ - quadrupole splitting, ßhf – hyperfine induction, A – relative  
                   area. 
 Temperature 
(K) 
Happ MAS hyperfine parameters  
Components 
A 
(~2 %) 
Phase 
(after FTS) δ 
(mm/s) 
Δ 
(mm/s) 
Bhf  
(T) 
γ-Fe2O3 (ex) 298 0 0.31 
0.66 
0.06 
-0.02 
0.01 
0.02 
49.3 
45.9 
19.3 
sextet (A) 
sextet (B) 
sextet 
88 
 
12 
Fe3O4 
 
FexC 
α-Fe2O3 (ex) 298 0 0.32 
0.66 
0.08 
-0.03 
-0.01 
0.02 
49.3 
46.0 
19.5 
sextet (A) 
sextet (B) 
sextet 
92 
 
8 
Fe3O4 
 
FexC 
CuFe2O4 (ex) 298 0 0.30 
0.67 
0.02 
0.23 
0.13 
0.29 
-0.02 
-0.02 
0.08 
0.02 
0.02 
1.35 
48.7 
45.5 
10.5 
17.2 
22.7 
- 
sextet (A) 
sextet (B) 
sextet 
sextet  
sextet 
doublet 
70 
 
23 
 
 
7 
Fe3O4 
 
χ-Fe5C2 
 
 
Fe
 
SPM 
CuFeO2 (ex) 298 0 0.29 
0.67 
0.17 
0.20 
0.25 
0.27 
-0.06 
-0.02 
0.08 
0.02 
0.02 
1.07 
48.6 
45.7 
10.1 
17.8 
21.9 
- 
sextet (A) 
sextet (B) 
sextet 
sextet  
sextet 
doublet 
56 
 
38 
 
 
6 
Fe3O4 
 
χ-Fe5C2 
 
 
Fe
 
SPM 
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It has been argued [16] that copper in iron-based catalysts may facilitate carburization of the 
magnetite phase, although it does not facilitate carburization in the absence of hydrogen (vide 
supra). Copper may activate hydrogen under Fischer-Tropsch conditions. Hydrogen spilled over 
to the magnetite surface may partially reduce its surface and thereby accelerating its 
carburization. The acceleration of the carburization process will lead to a reduced average 
crystallite size of the magnetite phase. Furthermore, the relative abundance of the other phases, 
viz. iron carbide and superparamagnetic iron, will increase (Figure 7.13). 
 
 
Figure 7.13: Correlating the amount of oxidic iron determined using Mössbauer absorption  
                      spectroscopy and the using XRD-analysis (amount of Fe3O4 as determined  
                      using Mössbauer at 298 K) 
 
7.3.2.  Fischer-Tropsch synthesis (FTS) activity 
The FT activity of the model catalysts, expressed as conversion (C-%) as a function of time on 
stream (hr) is shown in Figure 7.14. The promoted iron catalysts showed higher activity as 
compared to the un-promoted iron catalysts. The observed high activity was consistent with high 
iron carbide (χ-Fe5C2) content as shown in XRD and MAS results; this observed activity trend is 
similar to that of the H2 activated model catalysts. The average crystallite size of the χ-Fe5C2 was 
in a similar range (9-14 nm) in all the model catalyst, therefore, the crystallite size effect on the 
FT activity may be eliminated.  
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Figure 7.14: Carbon conversions of the model catalyst as a function of time on stream (hr) after  
                      activation in CO (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch condition  
                      (270 
o
C, 20 bars for 48 hrs)   
 
7.3.3.  Product formation 
7.3.3.1. Carbon dioxide (CO2) formation 
Figure 7.15 shows the rate of CO2-formation as a function of Fe present as SPM Fe in spent 
catalyst. Similarly to the H2 activated model catalysts, the CO activated model catalysts 
(promoted iron catalysts) showed a higher rate of CO2. The silver promoted iron catalyst shows 
the highest rate of CO2 as compared to the copper promoted as well as un-promoted iron 
catalyst. This results may be explained by correlating the rate of CO2-formation with the amount 
of superparamagnetic iron, which implies that the small domains of Fe3O4 are susceptible to re-
carburization and the rate of carburization of large magnetite crystallites is relatively slow, being 
too slow to significantly form CO2. The samples ex hematite and ex maghemite do not contain 
superparamagnetic iron. Carbon dioxide formed over these samples may originate from oxygen 
removal adsorbed on the catalytically active carbide surface. This implies that oxygen in carbon 
monoxide used for the formation of organic product compounds is under the applied conditions 
for ca. 10% removed as CO2 (and the balance as water). 
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Figure 7.15: Correlating the rate of CO2-formation in the Fischer- Tropsch synthesis with the  
                      amount of superparamagnetic iron as determined by room temperature Mössbauer  
                      absorption spectroscopy for CO activated model catalysts 
 
7.3.4.  Formation of organic products 
7.3.4.1. Methane (CH4) formation and chain growth probability (α) 
Table 7.11 shows the methane selectivity of the model catalysts. Copper promoted iron catalysts 
showed higher CH4 selectivity as compared to the un-promoted iron catalysts while the lowest 
CH4 selectivity was observed for silver promoted iron catalyst. The expected inverse relationship 
between CH4 selectivity and the chain growth probability was observed. Similarly, to the H2 
activated model catalysts, promoted iron catalysts showed higher C5+ selectivity as compared to 
the un-promoted iron catalysts (see Table 7.11). Furthermore, higher C5+ values (>90 C-%) were 
observed for H2 activated promoted model catalysts as compared to the CO activated promoted 
model catalysts.  
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Table 7.11: Selectivities of the model catalysts after activation in H2 (270 
o
C for 16 hrs)  
                    and exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
SCH4
a
, C-% 3 3 4 5 2 
SC2-C4
a
, C-% 9 8 7 10 8 
SC5+
a
, C-% 88 89 89 85 90 
                            a 
Content of the various product fractions in the fraction of organic product compounds 
 
7.3.5.  Olefin formation  
Figure 7.16 shows the mole fraction of the total olefin content of the model catalysts in linear 
hydrocarbons (HCNs) as a function of carbon number. A slight decrease in the olefin content 
was observed for the copper promoted iron catalysts as compared to the un-promoted iron 
catalysts. The un-promoted iron catalysts as well as the silver promoted iron catalyst were in the 
same range. 
 
 
Figure 7.16: Mole fraction of olefins in linear HCNs of the model catalysts as a function of  
                      carbon number after activation in CO (270 
o
C, 16 hrs) and exposure to Fischer- 
                      Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
 
The olefin selectivity was further investigated using olefin fraction C5 fraction in their 
corresponding C-fraction. The observed mole percent of the olefins in their corresponding C-
fraction and the CO-conversion are given in Table 7.12.  
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Table 7.12: Olefin content in C5-HC olefin and the CO-conversion of the model catalysts after  
                    activation in CO (270 
o
C for 16 hrs) and exposure to Fischer-Tropsch conditions  
                    (250 
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
CO-conversion (%) 23 12 20 21 66 
Olefin content in  
C5-HC
a
 olefin, mol-% 
74 67 67 63 78 
1-olefin content in C5-
olefin
b
, mol-% 
85 89 87 63 90 
                 a 
Amount of olefins in the fraction of linear hydrocarbons with a particular number of carbon atoms 
                 b 
Amount of linear 1-olefins in the fraction of linear olefins with a particular number of carbon atoms 
 
7.3.6.  Oxygenate products formation   
Table 7.13 shows the C5 alcohol fraction in linear C5 HCN products taken after 48 hrs time on 
stream. The copper promoted iron catalysts showed no significant effect on the C5-alcohol 
content as compared to the un-promoted iron catalysts, while, an increase in the C5 alcohol 
content was observed for the silver promoted iron catalyst. Comparison of these results to those 
observed after H2 activation showed no significant differences (see Table 7.6). 
 
Table 7.13: Mole fraction of the total C5 oxygenates in linear hydrocarbon (HCN) products after  
                    activation in CO at 270 
o
C for 16 hrs and exposure to Fischer-Tropsch conditions    
                    (250 
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
C5 oxygenates in linear 
C5 product compounds, 
 mol-% 
7 7 9 8 14 
 
 
7.3.7.  Branched products formation 
The molar ratio of methyl branched to linear hydrocarbons in the C5 fraction is shown in Table 
7.14. The copper incorporated iron catalysts showed lower branching C5 selectivity than the un-
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promoted iron catalysts. The silver incorporated iron catalyst shows similar branching results to 
that of the un-promoted iron catalyst. 
 
Table 7.14: Molar ratio of iso (branched) to n (straight) compounds in the C5 hydrocarbon  
                    fraction of the model catalysts after activation in CO at 270 
o
C for 16 hrs and  
                    exposure to Fischer-Tropsch conditions (250 
o
C, 20 bars for 48 hrs) 
 γ-Fe2O3 
(ex) 
α-Fe2O3 
(ex) 
CuFe2O4 
(ex) 
CuFeO2 
(ex) 
AgFeO2 
(ex) 
iso-C5/n-C5, mol/mol 0.19 0.20 0.11 0.17 0.19 
 
 
7.4. Summary of the Fischer-Tropsch synthesis performance of the H2 and CO   
activated model catalysts 
An increase in the FT activity of the promoted iron catalysts as compared to the un-promoted 
iron catalysts was observed for the H2 and CO activated catalysts. The enhanced FT activity for 
the promoted iron catalysts may be ascribed to the higher carbide content. The promoted iron 
catalysts showed a higher CO2-selectivity, which is attributed to the carburization of 
superparamagnetic iron (mainly as magnetite) during the Fischer-Tropsch synthesis. The rate of 
formation of CO2 correlates with the amount of superparamagnetic iron present in the sample, 
although some carbon dioxide is formed in the oxygen removal from the catalytically active 
surface as well. This implies that the iron-based catalyst is a dynamic catalyst system, in which 
phase transformations are taking place on the time scale of the catalytic reaction. Furthermore, 
the copper promoted iron catalysts showed a reduction in the olefin selectivity due to secondary 
hydrogenation. While, the silver promoted iron catalysts showed a high olefin content (in 
particular for the most reactive olefin, ethene) in conjunction with a high 1-olefin content. This 
implies that secondary olefin conversion over this catalyst is limited. This might be attributed to 
the low activity of silver for the hydrogenation of the C=C-bond [35].    
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Chapter 8 
 
General conclusions 
This chapter is aimed at providing the reader with overall conclusions on the promotional effect 
of copper and silver on iron-based Fischer-Tropsch catalysts. These results are compared to the 
un-promoted iron oxide. Full summaries are supplied after every section in the preceding 
chapter. However, the major observations and conclusions will be discussed here again. 
 
The model catalysts were successfully prepared via the co-precipitation method. Calcination at 
high temperature (950 
o
C) of the copper incorporated iron catalysts resulted in the formation of 
the desired copper ferrite phases (i.e., spinel CuFe2O4 and CuFeO2) with large average crystallite 
sizes. Hematite (α-Fe2O3) of similar crystallite size was used as reference material. Silver 
incorporated iron catalyst (AgFeO2) was prepared at 400 
o
C; attempts to prepare it at high 
temperature (950 
o
C) resulted in the segregation of the iron-silver precursor to metallic silver and 
iron oxide (α-Fe2O3); maghemite (γ-Fe2O3) of similar crystallite size was used as reference 
material. Characterization of the model catalysts using XRD, MAS, IR, SEM-EDX and AAS 
collectively confirmed the successful preparation of the model catalysts. 
The reduction behaviour as well as the reducibility of the model catalysts was evaluated using 
in-situ XRD and ex-situ XRD experiments. The phase transformation and changes in the average 
crystallite sizes during H2 and CO activation were evaluated via an in-situ XRD experiment, in 
an attempt to gain better understanding of the phase transformation and the changes in the 
average crystallite sizes during activation. In this experiment, activation conditions similar to 
those used prior to the FTS were mimicked. The first phase transformation observed during H2 
and CO activation of the promoter incorporated iron catalyst was observed at lower temperature 
as compared to the un-promoted iron catalysts confirming ease of reduction in the presence of 
promoter (Cu, Ag) in close proximity to the iron. Promoted iron catalysts also showed higher α-
Fe (during H2 activation) and FexC (during CO-activation) formation. The observed results 
correlated with the results observed during ex-situ XRD (H2 and CO activation studies). 
Furthermore, the presence of Cu or Ag in close proximity to the iron surface was observed to 
enhance the rate of the α-Fe formation during the second reduction step (Fe3O4 → α-Fe). This is 
postulated to occur via the H2-spillover by copper/silver acting as the hydrogen activator, the 
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hydrogen spill-over to the magnetite thereby enhancing the rate of α-Fe formation [1]. The 
carburization of magnetite in the absence of hydrogen is not facilitated by copper or silver 
indicating that either CO does not spill-over or that spill-over of CO is kinetically irrelevant for 
the carburization process. 
The Fischer-Tropsch synthesis of the model catalysts was conducted at T = 250 
o
C, Ptotal = 20 bar 
over 48 hrs on line stream (at steady state) in a slurry bed reactor. The performance of the model 
catalysts was monitored using an online TCD and offline FID. An increase in the activity of the 
promoted iron catalysts as compared to the un-promoted iron catalysts was observed. The 
enhanced FT activity for the promoted iron catalysts is ascribed to the higher carbide content.  
The rate of formation of CO2 correlates with the amount of superparamagnetic iron present in 
the sample, although some carbon dioxide is formed in the oxygen removal from the 
catalytically active surface as well. This implies that the iron-based catalyst is a dynamic catalyst 
system, in which phase transformations are taking place on the time scale of the catalytic 
reaction. Furthermore, the copper promoted iron catalysts showed a reduction in the olefin 
selectivity due to secondary hydrogenation, while the silver promoted iron catalysts showed a 
high olefin content (in particular for the most reactive olefin, ethane (C2)) in conjunction with a 
high 1-olefin content. This implies that secondary olefin conversion over this catalyst is limited. 
This might be attributed to the low activity of silver for the hydrogenation of the C=C-bond [2].  
 
Future work 
 
 Surface characterization of the model catalysts during or after H2 and CO activation and 
Fischer-Tropsch synthesis to investigate the location of the copper or silver on the iron 
catalyst. 
 Activation of the model catalysts under synthesis gas, for comparison of the results with 
those done under H2 and CO. How does the promoter behave under such conditions? 
 Evaluate the effect of gold (Au) as a promoter for the iron-based Fischer-Tropsch 
catalysts. Investigating the similarities and differences in the promotional effect of Au as 
compared to Cu and Ag. 
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Appendix 
 
A: Preparation method 
 
A.1.  Preparation of delaffosite copper ferrite (CuFeO2) 
 
Figure A.1, shows the phase(s) transformation during heating at 950 
o
C, in an attempt to 
prepare a pure phase of CuFeO2. 
 
 
 
Figure A1: Preparation of CuFeO2  
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A.2.  Preparation of delaffosite silver ferrite (AgFeO2) 
 
Attempts made to prepare silver ferrites of large crystallites by calcining at high 
temperature (700 
o
C), resulted in the formation of α-Fe2O3 and metallic silver as the final 
phase(s). The diffraction patterns of the sample calcined at 400 and 700 
o
C, respectively, 
are shown in Figure A1.  
 
 
Figure A2: Preparation of AgFeO2 by calcination at 400 
o
C and 700 
o
C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
400
800
1200
1600
10 20 30 40 50 60 70 80 90
In
te
ns
it
y 
(a
.u
)
Diffraction angle (Cu-Kα), 2θ, 
o
Calcined at 700 oC
Calcined at 400 oC
                                                                                                                                           Appendix 
 
184 
 
 
B: Activation studies 
 
B.1.  H2 -TPR studies:  Intimate contact 
 
Pure α-Fe2O3, CuO and physically mixed CuO/α-Fe2O3 samples were used to study the 
effect of intimate contact between promoter and the active phase during H2 reduction. 
Preliminary results reveal that the physically mixed sample (CuO/α-Fe2O3) showed three 
reduction peaks. The first reduction peaks appearing at a similar position to that of CuO 
was ascribed to the reduction of CuO to Cu.   The second and third reduction peak appear 
at the same position as the reduction peaks of α-Fe2O3 and were thus attributed to the 
reduction of Fe2O3 to Fe3O4 and Fe3O4 to Fe, respectively. Comparison of the H2-TPR 
profiles of the samples (CuO, α-Fe2O3, CuO/α-Fe2O3) revealed no differences, therefore 
no promotional effect of copper to the iron. Intimate contact was required for any 
promotional effect to occur.  
 
  
 
 
B.2.  In-situ XRD H2 activation studies:  
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Figure B1: In-situ XRD 3D view of H2 activated model catalysts, (a) α-Fe2O3, (b)  
                   CuFe2O4, (c) CuFeO2 and (d) AgFeO2 
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B.3 In-situ XRD CO activation studies:  
 
 
Figure B3: In-situ XRD 3D view of CO activated model catalysts, (a) α-Fe2O3, (b) CuFe2O4, (c)    
                   CuFeO2 and (d) AgFeO2 
 
C. Oxidation studies: Storage of samples 
 
The effect of oxidation within the spent sample was investigated by re-analysing the wax 
embedded spent catalyst after 10 months of storage. The storage procedure leads to some 
oxidation. The samples activated in H2 and CO are given in Table B.1 and B.2, respectively. The 
extent of oxidation is small and not an obvious function of the copper content in the catalyst. In 
particular the metastable phase FeO is prone to oxidation. 
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